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Samenvatting
In dit doctoraatsonderzoek staat de ontwikkeling van fabricatietechnologiën
voor microsystemen centraal, in het bijzonder microsystemen die gebruikt zul-
len worden in biocompatibele en rekbare platformen. Zulke systemen worden
gebruikt in toepassingen met medische doeleinden, waardoor biocompati-
biliteit vereist is. In vergelijking met rigide medische microsystemen, heeft
rekbaarheid een aantal meerwaarden zoals een groter gebruikscomfort voor
patiënten, of de mogelijkheid tot het nauw aansluiten van elektronica aan wil-
lekeurige vormen (merk op dat biologische oppervlakken zoals de huid bijna
nooit vlak zijn). Zoals opgemerkt kan worden door het aantal stijgende publi-
caties, is rekbaarheid van conventionele, rigide elektronica een onderwerp dat
meer en meer interesse geniet.
Traditionele interconnecties voor rigide elektronica kunnen niet gebruikt
worden in een rekbaar platform. Daarom vormt de fabricatie van rekbare in-
terconnecties een belangrijk onderdeel van dit doctoraatsonderzoek. Rekbare
interconnecties zijn eigenlijk niets anders dan geleidende baantjes ingebed in
elastische substraten. Op dit moment vormenmetalen verbindingen ingebed in
polydimethylsiloxaan één van de voornaamste kandidaten. In dit proefschrift
wordt een nieuwe fabricatiemethode beschreven voor 20 µm fijne, rekbare inter-
connecties uit goud, waarbij gestart wordt van dubbelzijdige flexen (Cu-PI-Cu).
Ook 100 µm brede interconnecties uit goud werden gerealiseerd. De rekbare
interconnecties kunnen bestaan uit één enkel baantje, maar ook verscheidene
parallelle baantjes zijn mogelijk. Verscheidene versies werden gefabriceerd in
het kader van dit proefschrift, en worden dan ook beschreven. Ook de voor-
delen en nadelen van elk van deze interconnecties worden beschreven. De
dubbelzijdige flexen zijn commercieel beschikbaar en dus kost-eﬀectief, wat
een bijkomend voordeel is van deze technologie. Om de robuustheid van de
rekbare interconnecties te bestuderen werden cyclische vermoeidheidstesten
uitgevoerd. De resultaten toonden aan dat de rekbare interconnecties zelfs na
100 000 keer rekken aan 40% volledig functioneel blijven. Naast de uitstekende
robuustheid van de interconnecties gemaakt met deze fabricatietechnologie,
zijn de mogelijkheid tot fijne patronen en biocompatibiliteit toegevoegde waar-
den die de weg naar rekbare elektronica voor medische doeleinden vrijmaken.
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Het is bovendien mogelijk om elektronische componenten te integreren met
deze technologie van rekbare interconnecties. Om dit aan te tonen, werd een
rekbare LED matrix ontwikkeld. Hierbij werden zogenaamde “surface mount”
LEDs verbonden door middel van rekbare interconnecties die konden uitge-
rekt worden tot 60%. Op analoge manier kunnen andere types electronische
componenten geïntegreerd worden.
Naast rekbare interconnecties werden ook tal van andere technologiën en
componenten ontwikkeld. Polydimethylsiloxane (PDMS) is een gekend po-
lymeer dat vooral gebruikt wordt om circuits of componenten in te bedden.
In de context van dit werk hebben we voor een biocompatibele versie van dit
materiaal gekozen om biomedische toepassingen mogelijk te maken. Hoewel
het proces om PDMS structuren te repliceren gekend is, moesten extra technie-
ken ontwikkeld worden om bijvoorbeeld micro-kleppen of micro-pompjes te
realiseren. Het onderzoek uitgevoerd in deze thesis is 2-ledig:
• ontwikkelen van nieuwe, aangepaste fabricage technologiën om PDMS
te structuren.
• ontwikkelen van micro-componenten die gebruik maken van deze speci-
aal aangepaste technologiën.
Fabricatietechnologiën werden ontwikkeld om PDMS-membranen te produ-
ceren met diktes van minder dan 10 µm tot enkele millimeters. Onder andere
spin coating, doctorblading en hot embossing werden gebruikt om deze ver-
scheidene diktes te bekomen. Dergelijk dun membraan kan achtereenvolgens
worden opgenomen, verplaatst, gealigneerd en gehecht. Het gefabriceerde
membraan kan gepatroneerd worden of niet. Ook werden er fabricatieproces-
sen opgesteld om dwarsverbindingen in de PDMS-membranen te maken. Deze
verbindingen worden vernamelijk gemaakt door hot embossing. Volledige de-
tails over de fabricatie en karakterisatie worden vermeld. In dit proefschrift zijn
de PDMS-fabricatietechnologiën de sleutelfactoren om microcomponenten te
realiseren.
Transversale electro-osmose micropompen en PDMS unidirectionele klep-
pen werden gerealiseerd aan de hand van ontwikkelde technologieën. In dit
proefschrift wordt een flexibele micropomp gerealiseerd die geschikt is voor
de afgifte van medicatie in het lichaam. Omdat enkel PDMS elastomeren
die geschikt zijn voor implantatie en gouden elektrische interconnecties wer-
den gebruikt, heeft de realisatie een hoge graad van biocompatibiliteit . Het
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werkingsprincipe van de micropomp is gebaseerd op transversale DC electro-
osmose die een nieuwe variant is van de vaak toegepaste hoge spannings DC
electro-osmose.
Deze nieuwe techniek steunt op het gebruik van onregelmatigheden die in de
topografie van het kanaal worden aangebracht, wat leidt tot een niet-uniforme
verdeling van de ladingsverdeling. Het voordeel is dat een micropomp kan
worden aangestuurd met een relatief lage DC spanning van 10V waarbij een
partikel mobiliteit van 60 µm s−1 kan worden bereikt. Om de mobiliteit te ka-
rakteriseren, werden gekleurde partikels met diameter 3 µm in de gebruikte
vloeistof aangebracht waarbij hun snelheid met de lijnscantechniek werd gea-
nalyseerd aan de hand van confocale microscopie. De volledige karakterisatie
wordt in dit proefschrift besproken. Er werd opgemerkt dat de partikelstroom
een spiraalvormig profiel heeft, wat een interessante eigenschap is om een eﬃci-
ënte micro-mixer te maken voor actieve microfluidische en μ-TAS applicaties.
Een volgend deel van het werk dat hier gepresenteerd wordt is het vervaar-
digen van normaal gesloten microkleppen. Dergelijke terugslagkleppen zijn
van groot belang in medische toepassingen. De welbekende statische wrijving
tussen twee PDMS oppervlakken werd verminderd aan de hand van oxidatie
van het PDMS. Het ontwerp, het produceren en het karakteriseren van een
normaal gesloten, volledig op polymeer gebaseerde microklep wordt uitvoe-
rig beschreven. De microklep heeft een diameter van 5mm en een dikte van
3mm en is volledig uit biocompatibel PDMS vervaardigd. De benodigde druk
voor het openen van de klep, welke afhankelijk is van de adhesie tussen de
bewegende onderdelen, werd verminderd tot 3.4 kPa dankzij het gebruik van
oppervlakteoxidatie van het PDMS. Deze aanpak, in combinatie met het selec-
tief bonden van een polyethyleen terephthalate (PET) schaduwmasker, laat toe
om eveneensmicrokleppen voor hoge tegendruk te realiseren. Zelfs bij 0.6MPa
tegendruk, welke de maximale druk is die aangelegd kan worden, kon er geen
vloei vastgesteld worden. De gerealiseerde microklep heeft een minimale vloei
van 1mlmin−1.
Vele andere biomedische toepassing kunnen eveneens gerealiseerd worden
op basis van de ontwikkelde technologieën. Het werk dat in deze thesis gepre-
senteerd wordt, past in het kader van biocompatibele en rekbare technologie-
platformen. Deze zijn voornamelijk gebaseerd op PDMS in combinatie met
metalen elektrodes.
Summary
The focus of this PhD thesis is on the development of technologies for the
fabrication of microsystems. More specifically, microsystems that are going to
be used in a biocompatible and stretchable platform. The aim for the device is
to be used in medical applications due to which biocompatibility is a necessity.
Compared to rigid medical microsystems, stretchability has added values such
as: ease of use for patients or application on curvilinear surfaces (note that
biological surfaces like skin are almost never flat). Stretchability of conventional
rigid electronics is a hot topic in recent literature as can be seen by the number
of publications.
For a stretchable platform conventional rigid interconnects can not be used.
Fabrication of stretchable interconnects has been one of the main works in
this thesis. By a loose definition, stretchable interconnects are basically con-
ductor lines embedded in elastomer substrates. Currently, metal interconnects
embedded in polydimethylsiloxane are one of the major candidates. In this
thesis, a novel straightforward method is presented that allows the fabrication
of narrow 20 µmwide stretchable gold interconnects starting from double sided
flexes (Cu–PI–Cu). Wider 100 µm gold interconnects have also been fabricated.
The stretchable interconnects can be a single track of conductor or multiple
parallel tracks. Diﬀerent versions have been fabricated and presented in this
thesis. Advantages and disadvantages of each have also been discussed. The
starting double sided flexes are available commercially for a low cost which is
another bonus of this technology. Cycling fatigue tests have been performed to
verify the reliability of the stretchable interconnects. The results have shown
that the stretchable interconnects are fully functional even after a minimum of
100 000 cycles at 40% elongation. In addition to the outstanding reliability in
this method of fabrication, fine pitch and biocompatibility are the added values
paving the way for medical grade stretchable electronics.
It has been shown that integration of electrical printed circuit board com-
ponents using the developed stretchable interconnect technology is possible.
To demonstrate this, a stretchable array of LEDs has been fabricated. Surface
mount LEDs are connected using the stretchable interconnect technology and
are elongated up to 60%. Other suface mount electronic components can be
xviii
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integrated using the same principle.
Apart form the stretchable interconnects, several other technologies and
components have been developed. Polydimethylsiloxane (PDMS) is a widely
used elastomer mainly known for encapsulation and moulding purposes. We
have chosen biocompatible versions of this material for the fabrication of the
components that are going to be used in the stretchable platform. Although
the soft-lithography process for casting PDMS is a known process in literature,
to fabricate for instance microvalves or micropumps in this material, other
fabrication technologies are needed as becomes more clear in this thesis. The
work which is done in this thesis is twofold:
• Developing novel fabrication technologies to form PDMS into various
shapes.
• Fabricating microcomponents using the custom made fabrication tech-
nologies.
Fabrication technologies have been developed to make PDMSmembrane thick-
nesses from less than 10 µm to millimeter range. Namely spinning, doctorblad-
ing and hot embossing have been used to fabricate various thickness PDMS
membranes. The thin membrane can be picked, transported, aligned and
bonded correspondingly. The fabricated membranes can be patterned or non
patterned. Fabrication processes have been developed to make through layer
features in PDMS membranes as well. Through layer holes are mainly done
using the hot embossing technique. Full details of the fabrication and charac-
terization are provided. In this thesis, PDMS fabrication processes have been
our enabling factor to realize micro components.
Transverse electroosmosis micropump and PDMS check valves have been
fabricated using the developed fabrication technologies. In this thesis, a flex-
ible micropump is fabricated which is aimed to be suitable in drug delivery
applications. It provides a relatively high degree of biocompatibility, since the
only employed materials are implantation grade polydimethylsiloxane elas-
tomer and gold for the electrical interconnects. The working principle of the
micropump is based on transverse DC electroosmosis which is a new variant
of conventionally applied high voltage DC electroosmosis. This new technique
is based on topography irregularities introduced in the channel resulting in a
non-uniform charge distribution. The advantage is to drive the micropump
using a relatively low DC voltage of 10V while getting an eﬀective flow speed
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of 60 µm s−1. In order to characterize the flow speed, dyed 3 µm beads are
dispersed in the working fluid and their speed is measured by the line scanning
technique using a confocal microscope. The full characterization process is
discussed in the thesis. It is also observed that the flow has a helical profile
which is an attractive feature for an eﬃcient micromixer in active microfluidics
and μ-TAS applications.
Another work which was mentioned is the fabrication of normally closed
(NC) microvalves. NC check valves are of high importance in any medical
device for leakage safety reasons. To do this, PDMS oxidation is used to re-
duce the notorious PDMS to PDMS stiction. The fabricated microvalve is
composed of only PDMS.The design, fabrication and characterization of the
NC all-polymer membrane-type microvalve is described. The microvalve with
a diameter and thickness of 5mm and 3mm, respectively, is fabricated com-
pletely in biocompatible polydimethylsiloxane (PDMS). The opening pressure,
which depends on the adhesion between the membrane and the slab, is reduced
to the noticeably low value of 3.4 kPa by the surface oxidation of the PDMS
layers. This technique in combination with a selective bonding by Polyethylene
terephthalate (PET) shadowmasking allows for the fabrication of a high reverse
pressure microvalve. Up to 0.6MPa reverse pressure, which was the maximum
pressure that we could applymanually, no flowrate was observed. The presented
microvalve features a minimum flow rate of 1mlmin−1.
Using the developed technologies many other biomedical applications can
be realized. All in all, the work which is done in this thesis can be viewed in
the framework of biocompatible stretchable platforms. The platform mainly
consists of PDMS and metal electrodes.
Glossary
AC Alternative Current
CNT Carbon Nano Tube
DC Direct Current
DMD Digital Micromirror Device
FCB Flexible Circuit Board
IC Integrated Circuit
LED Light Emitting Diode
MEMS MicroElectroMechanical Systems
MT Multi Track
NC Normally Closed
NO Normally Open
PCB Printed Circuit Board
PDMS Poly-dimethyl-siloxane
PI Polyimide
SEM Scanning Electron Microscope
Silicone Polyl-dimethly-siloxane
SMI Stretchable Molded Interconnect
ST Single Track
xxi
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General Overview
I wonder at the proud one who was a drop of
sperm yesterday & will be a rotting corpse
tomorrow. And I wonder at the one who doubts
God but sees God’s creation. And I wonder at the
one who forgets death even though he sees the
dead. And I wonder at the one who disavows the
ﬁnal genesis even though he sees the original
genesis.
Ali ibn Abitalib
OUTLINE OF THIS CHAPTER
The topic of the dissertation is development of a stretchable platform
for the fabrication of biocompatible microsystems. The key topics are
BioMEMS, large area electronics and stretchable electronics. There-
fore a very brief overview of these topics accompanied with examples
is given. The purpose is not to exhaust the topic but just to mention
the key ideas and approach to the subject of this dissertation. More
detailed literature survey on speciﬁc subjects that are done in the
course of this dissertation is left for the later chapters. At the end,
the objective of this dissertation is discussed, along with a summary
of the work which is done.
3
4 CHAPTER 1: GENERAL OVERVIEW
1.1 Micro Electro Mechanical Systems
(MEMS)
The facilities for the fabrication of microelectronics chips has changed rapidly
during its life time. The Integrated Circuits (IC) with millions of transistors
are fabricated in million dollar clean room environments. An idea came on
the table: Why not use all these facilities and equipments for the fabrication of
miniaturized mechanical components? Many refer to the excellent lecture of
Richard P. Feynman given in an American Physical Society meeting in 1959*
for the first thoughts.
The first applications came out long after. The idea is also supported with
mathematical justifications on various benefits of size scaling: lower power
consumption, higher Q (quality factor), higher resonance frequency, lower
costs, etc. Even the equipments that were used for several generations behind
the leading microelectronics, could be used to fabricate extraordinary small me-
chanical components such as: micro gears, shafts, valves ormirrors. An exciting
new area of research was opened then, called MEMS. It is called microsystems
in Europe.
The MEMS technologies have evolved so far during the recent years. Nowa-
days nearly everyone around the globe is benefiting from it in one way or
another. Gyroscopes [2], GPS [3], resonators [4], pressure sensors [5] and
accelerometers [6] are just a few examples of this technology that can be found
in cell phones and automotive industry. There exists several subcategories of
MEMS as well: BioMEMS, MOEMS (micro Opto-Electro–) and RF MEMS
(Radio Frequency–). The terms are self explanatory.
Fig. 1.1 shows a time line of MEMS technology. As can be seen from this
figure, the real first MEMS applications have been fabricated around 1990. Nor-
mally in microelectronics, fabrication steps for thin-film layers are developed
and used. However in MEMS, much thicker layers – in polymers or metals –
need to be patterned or etched. These enabling critical fabrication processes
are shown in red. Metal sacrificial layer, LIGA and deep reactive ion etching
(DRIE) of Si have been breakthroughs in this technology.
One of the early demonstrations of MEMS was in 1987: the digital micromir-
ror device (DMD) by Texas Instruments (TI). This device is the building block
for the Digital Light Processing (DLP) projection technology. A schematic
*A reprint of this talk is available in (R. Feynman, “There’s plenty of room at the bottom [data
storage]”,Microelectromechanical Systems, Journal of, vol. 1, no. 1, pp. 60–66, 1992. [Online])
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Fig. 1.1.The evolution of MEMS
technology over time from 1960
till 2000. The major enabling tech-
nologies are shown in red. The pic-
ture is adopted from a presentaion
by Dr. Po-Jui Chen in Caltech.
(a) Working principle of DMD (b) Schematic diagram
Fig. 1.2. (a) The working prin-
ciple of a TI DMD is shown.
Using ±12° tilt, the light from
the lamp is either projected to
the lens or absorbed. (b) A
schematic diagram of a DMDpixel
is provided as well. The images
are taken from the TI website.
diagram of a double pixel DMD is shown in Fig. 1.2. Fig. 1.2(a) shows the
working principle of the DMD device. Fig. 1.2(b) illustrates a single pixel of the
device. Each mirror can rotate ±12°. The mirrors are placed on top of a CMOS
chip. The device is fabricated using the MEMS fabrication processes which is
also shown in the timeline of Fig. 1.1.
The other high impact demonstrator was the ADXL accelerometer by analog
devices. An SEM image of the comb drives from the early versions of this device
is shown in Fig. 1.3. The current versions of these comb drive accelerometers
can measure accelerations up to ± 500 g (see ADXL001 datasheet in analog
devices website). They are widely used in automotive industry for instance in
airbags. There are many other applications such as RF MEMS switches [7],
pressure sensors [5], disposable medical devices [8], etc. MEMS is now so
vast that it cannot be summarized in one text. Fig. 1.4 shows the prospective
market of this technology at the year 2017 which was adopted from a talk by Dr.
Eric Mourier in DMEMS 2012 conference in France. The reader is referred to
excellent books in this field to get a better taste of the state of the art applications.
In this thesis our focus is on development of a stretchable biocompatible
platform for the realization of drug delivery devices. Specifically we are looking
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Fig. 1.3. SEM image of one of the
earliest combdrive accelerometers
from analog devices. This device
was presented in 1995. The image
is taken from the analog devices
website.
Fig. 1.4. Prospective MEMS mar-
ket in the year 2017 is shown in
this figure. The image is adopted
from a talk by Dr. Eric Mourier in
DMEMS 2017 conference.
to provide technologies for implantable insulin delivery units. To approach to
the topic of this dissertation, a brief overview of BioMEMS and drug delivery
is presented in the following section. Next large area stretchable electronics is
presented. The concept of insulin drug delivery is presented afterwards. Insulin
drug delivery makes the link between the BioMEMS, large are stretchable
electronics and microfluidics.
1.2 BioMEMS (Drug Delivery)
Soon after the discovery of MEMS researchers understood that this technology
can be very useful in the realization of microsystems that can be used in biolog-
ical environments: in vivo and in vitro. The first idea was presented in Richard
P. Feynman talk as well (see Sec. 1.1). This led to the creation of BioMEMS.
BioMEMS by definition is the development of microsystems targetting any kind
of biological environment. There are many applications for this ever growing
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field including: delivering drugs to the organs [9], diﬀerent kinds of active
implants [10], drug discovery [11], detecting malfunctioning cells [12], DNA
sequencing [13], etc. BioMEMS is also sometimes referred as lab-on-chip or
micro total analysis systems (µ-TAS). These terms don’t mean exactly the same,
however there is a high overlap among them.
One of the prominent applications of BioMEMS is drug delivery. Fig. 1.5
shows an overview of the MEMS enabled drug delivery systems that are in
the market. Table 1.1 on page 12 lists these devices in drug delivery, their
improvement over conventional systems and the targeted therapy. As can be
seen from the table the number of commercial companies working on MEMS
drug delivery is more than a few. For more information and discussion on this
field, the reader is referred to various books in the market or excellent review
papers in the literature [10, 14–16].
1.2.1 Biocompatibility
One of the definitions for biocompatibility is: ability of a biomaterial to perform
its desired function with respect to a medical therapy, without eliciting any
undesirable local or systemic eﬀects in the recipient or beneficiary of that ther-
apy, but generating the most appropriate beneficial cellular or tissue response
in that specific situation. As can be observed from this definition the term
is rather vague per se. Nevertheless biocompatibility is a critical issue that
needs to be addressed precisely with respect to a specific application. Various
degrees of biocompatibility exist for in vitro and in vivo situations. Each has
short term (less than 1month) and long term (1month to years) variations. For
most lab-on-chip applications, short term biocompatibilities are acceptable,
while higher degrees of biocompatibility is demanded for in vivo implantations.
There is also a disagreement between the US and European authorities for the
legislation of biocompatible products. Because of this, diﬀerent guidelines are
proposed by FDA compared to the European Union. For instance for the tests
of toxicity, Europeans consider a product biocompatible if all the ingredients
or elements are biocompatible, while in the US the whole product matters not
the specific elements. This results into diﬀerent standards and regulations for
toxicity tests, for example.
In this thesis the goal is to use the developed platform in bio applications
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Proof of 
concept
Pre-clinical 
testing
Clinical 
Test
CE
Certificate
EU and Asia
Certificate
US Certificate
(FDA)
1 billion
100 million
50 million
1 million
MEMS pump based
injection pen for biodrugs
(Eveon)
Portable insulin
pumps (Debiotech) Silicon hollow
microneedles
for cosmetics
(NanoPass)
MEMS nozzle plate for nebulizer 
for asthma, COPD...
(microparts)
Silicon hollow
and solid coated microneedles for vaccination
(NanoPass, Debiotech, Valeritas...)
Implantable reservoir
array for Osteoporis
(MicroCHIPS)
Size of target
(# of patients)
Maturity
Fig. 1.5. Potential opportunity
for MEMS-enabled drug delivery
devices. Adopted from Jérémie
Bouchaud and Richard Dixon,
principal analyst and senior ana-
lyst, MEM, iSuppli.
specifically for drug delivery. Unless the platform is used in a specific appli-
cation, the needed biocompatibility degree is not defined. Nonetheless the
guidelines in this dissertation are:
• No metal other than Au or Pt is allowed in the final product.
• Biocompatible casing is needed in case any other material is in contact
with the outside world.
• Only implantation grade biocompatible PDMS is allowed.
• Other permitted materials are highly inert materials including: PET,
PEN, PI.
As can be seen from the selection of materials, the platform complies to a
relatively high degree of biocompatibility.
1.3 Large Area Stretchable Electronics
In most cases in drug delivery devices, electronics is needed to control the
active equipments. The focus of the following sections is on the development
of suitable interconnects in order to deliver the power from the outside world
to the stretchable platform. Conventional microelectronics is always based on
rigid Si wafer. However, for a growing number of applications, low cost, large
area electronics is needed. Large area electronics has been used in diﬀerent
applications including: thin-film transistors [18], solar cells [19], electronic
book readers and billboards. Fig. 1.6(a) shows an Amazon book reader which
is an example of large area electronics. For large area applications, Si cannot
be used because of the high costs. Lower cost polymers such as PET and PEN
foils are among the materials that have been in the center of attention for the
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(a) Ebook reader (b) Electronics in textile
Fig. 1.6. Two examples of large
area and stretchable electron-
ics are presented. (a) Amazon
Kindle is a commercial ebook
reader and a good example of
large area electronics. (b) An
RGB display embedded in tex-
tile is illustrated. For more de-
tails see Jahanshahi et al. [17]
fabrication of large area electronics [20, 21]. They also present flexibility if
needed in an application. These foils show high degree of biocompatibility in
comparison to Si as well.
For more demanding applications, electronics needs to be applied on curvi-
linear surfaces. This resulted in the creation of flexible electronics. Fig. 1.6(b)
shows an RGB display which is embeded in textile [17]. In this application
stretchability is also needed to some extent. Suppose an electronic sensor that
needs to be applied comfortably on a patient’s skin to observe a specific param-
eter, e.g. impedance [22], or blood glucose [23]. A more serious example would
be a drug delivery unit which is implanted inside the body. As the body moves,
the system is subjected to various levels of strain. A stretchable version of the
latter is not realized yet to the best of our knowledge. Stretchable electronics
can be considered a hot topic as can be seen from the number of publications
in recent literature (see Fig. 1.7).
Generally 10%–20% strain would be more than enough for bio applica-
tions [17, 24]. There are variousmethods to realize stretchable electrical circuits.
One can divide them into twomajor categories: shape based andmaterial based.
The latter is about using novel electrical stretchable conductors, including liquid
metals [25, 26], carbon nano tube (CNT) [27], graphene [28], etc. Although
several successful applications have been reported using these methods, they
majorly suﬀer from the high resistivity of the tracks [29, 30]. Shape based
method is basically about forming thin filmmetals [17] or semiconductors [31]
in spring like forms to permit stretchability.
As an example Fig. 1.8 shows serpentine type Au interconnects which feature
stretchability. The electrical circuit is composed of diﬀerent parts as shown
in the image. The active components are supported by polyimide (PI). As the
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Fig. 1.7.The number of publica-
tions on stretchable electronics
from 2003 till 2012. The curve
shows rapid increase in recent
years. The data is obtained from
the ISI web of science by search-
ing “stretchable electronics” in the
topics.
Fig. 1.8. In this image thin Au
wires are formed into serpen-
tine shape and being applied on
skin. The serpentine shape al-
lows stretchability of the whole cir-
cuit. The circuit is formed from
diﬀerent components including
antenna, strain gauge, tempera-
ture sensor, ECG/EMG sensor, etc
as annotated in the figure. In the
right and bottom part of the figure
the stretchable circuit is illustrated
under stress and strain levels. The
image is adopted from Kim et al.
[31].
circuit is thin enough it is conformable and takes the shape of the skin even
under strain and stress conditions.
In some applications spring like forms make out of plane deformations. For
example Fig. 1.9 illustrates out of plane deformation of Si nanowires. The Si
nanowires are fabricated on top of PDMS elastomer while the elastomer is
under strain. As PDMS goes back to rest the Si buckles. Various materials are
reported to be fabricated on PDMS in buckled form including Au [33], PZT
[34] and SnO2 nano wires [35].
One of the trends for the fabrication of stretchable circuits is the printed cir-
cuit board (PCB) technology based circuit modules that were presented for the
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Fig. 1.9. Si nano wires are fab-
ricated on top of pre-stretched
PDMSelastomer. When thePDMS
layer goes back to its normal po-
sition the Si buckles. The image
is adopted from Song et al. [32].
Fig. 1.10.General process flow
of the SMI technology is illus-
trated. FCB is laminated on a rigid
carrier using a temporary adhe-
sive. After laser patterning the
board the residues are removed
and the components are soldered.
first time in 2005 in the frame of the European founded project STELLA [36].
In this project IMEC-UGENT developed a technology implementing the idea
of horseshoe conductor shape electrical interconnects. This technology was
called stretchable moulded interconnect (SMI). Fig. 1.10 illustrates the prin-
ciple of the SMI technology. In short it is based on flexible component area
and stretchable interconnect part. The goal of the SMI technology is to keep
maximum compatibility with the existing PCB based technologies. Compared
to traditional PCBs or FCBs, the SMI technology pushes the conformability
of electronic circuitry to a higher level, by allowing it to stretch in diﬀerent
directions. For more information see Jahanshahi et al. [17].
There are other methods for the fabrication of stretchable circuits as well.
These methods in particular the ones that are in the scope of the work done in
this dissertation are reviewed in chapter 5.
In this thesis we have developed a novel method which is a combination
of thin-film [37] and foil based [38] processing technology in order to realize
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the stretchable electrical interconnects and circuitry. Detailed fabrication and
characterization is presented in chapter 5. Our stretchable interconnects can
reliably withstand 40% of elongation. Our method combines the advantages
of foil-based and thin-film based stretchable electronics which are low cost and
very small minimum feature size, respectively.
1.4 Objective of This Dissertation
In this thesis the focus is on development of a stretchable biocompatible plat-
form for the fabrication of diﬀerent electromechanical micro components.
These micro components are the building blocks for future biocompatible mi-
crosystems specifically insulin drug delivery systems. In the literature a closed
loop insulin drug delivery system is referred as artificial pancreas [39, 40].
Several commercial companies such as Medtronic, Insulet, Tandem, Asante
and Animas have portable insulin delivery systems similar to Fig. 1.11. It
has a control unit and an infusion part which is basically a tube connected to
a microneedle. The control unit is composed of two components: Glucose
sensing and insulin delivery. For the insulin delivery a syringe is used which
is connected to a stepper motor in order to pump insulin. The user has to
always carry this device and use it often to regulate his level of insulin. The
idea behind the artificial pancreas is to transfer the whole unit inside the body.
For that to happen there are technological challenges: implantable continuous
glucose monitoring system [41], implantable micropumps, microvalves, etc.
Continuous implantable glucose monitoring is a challenging task [39] and is
not the subject of the this dissertation.
Various components of an insulin drug delivery system is schematically illus-
trated in Fig. 1.12. Considering these components the biocompatible stretchable
platform in this dissertation was proposed. The platform needs biocompatible
micropumps and microvalves. To deliver power, integration of electrodes is
demanded. Stretchability of the whole system is also needed for the comfort
of the user. Components such as battery and wireless link are out of the scope
of this work. As can be seen from the schematic, the proposed platform is a
mixture of BioMEMS, stretchable electronics and microfluidics.
Due to biocompatibility and stretchability of the platform, PDMS elastomer
material is selected. Two types of PDMS are used in this dissertation: Nusil
MED 6010 and Dow Corning MDX-4210. Both silicones comply to implanta-
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Fig. 1.11. State of the art com-
mercial insulin delivery system is
shown. It consists of two parts:
Control unit and Infusionpart (mi-
croneedle). The control unit is
composed of a syringe which is
connected to a stepper motor to
deliver the insulin.
Fig. 1.12.Various components
of an insulin delivery system is
schematically illustrated.
tion degree biocompatibility. However, Nusil silicone is less viscous compared to
Dow Corning which makes it more favorable for fabrication processes. Where
stretchability is not needed other biocompatible polymers like PI or PET can be
used which only provide flexibility. Flexible polymers are also used to support
the rigid components from strain in our stretchable platform.
To realize the stretchable platform diﬀerent components have been fabri-
cated in the course of this dissertation. Successful fabrication of thin PDMS
membranes was a stepping stone in a biocompatible stretchable platform. After
fabricating these membranes, it is more important to properly transport these
(sometimes ultra thin) membranes to the targeted place and eventually bond
them. Fabrication of such membranes and ways of transporting them (pick
& place method) are discussed in chapter 2. Using this technology and other
fabrication processes several micro components have been fabricated.
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As for the active components a transverse electroosmosis micropump is
fabricated and characterized. Unlike conventional electroosmosis micropumps
that work with very high DC voltages (in the range of 1000V), this unit operates
at 10V DC. It provides useful flow speeds of 60 µm s−1. The low operating
voltage of this micropump is an essential requirement for the implantable
applications. The presented micropump also works as an eﬃcient active mixer
due to the helical nature of the flow. Thedesign, characterization and fabrication
of this micropump is discussed in chapter 3.
In this thesis we are looking forward to a NCmicrovalve as it helps to prevent
the free flow, i.e. an unwanted fluid flow that is generated when the active
component is oﬀ. This is a typical case for in vivo applications like implantable
drug delivery. For a biocompatible platform this is one of the main concerns
due to risk factors like power failure or harsh bodymovements when the system
is oﬀ. Fabrication of such valves is challenging in PDMS due to the relatively
high stiction of two layers of PDMS to each other. We have used selective
oxidation of PDMS in order to overcome the stiction. State of the art of the
polymer microvalves along with through characterization of the fabricated unit
is presented in chapter 4. This comprises the contribution of this thesis in
microfluidics.
To deliver electric power to the circuits and active components like microp-
umps, active micro mixers or microvalves, stretchable electrical interconnects
have been developed, fabricated and fully characterized in this dissertation.
Stretchable interconnects and integration of electrical circuitry into the stretch-
able platform are the subject of chapter 5. One of the main requirements for any
stretchable system is its reliability under cycling fatigue tests. Our fabricated
stretchable interconnects feature more than 100 000 elongation cycles at 40%
strain. Comparing to the existing literature, the fabricated interconnects show
excellent reliability [42].
In chapter 6 an overview of the work which is done in this thesis is briefed.
The design of a piezoelectric driven micropump is also proposed. The piezo-
electric is capable of delivering 20 kPa pressure. Considering the relatively low
in-use pressure of the NC microvalves (<3.4 kPa) the whole unit is capable to
over come for example the relatively high systolic blood pressure of 15 kPa [43].
Another advantage of this micropump is the back pressure independent flow
rate which is a desired feature in the context of implantable insulinmicropumps
[44].
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There exists several appendices at the end of this dissertation. Details of
implementation in some parts are not presented in the main chapters, as it
could distract the general reader from the main flow of data. Nonetheless, these
details are of relatively high importance to the presented results. As is the case
in all the scientific research activities: the devil is in the details.
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Stupidity includes hurrying before the right time
and waiting until the opportunity has passed.
Enjoyments pass while consequences remain.
Ali ibn Abitalib

2
Working with PDMS Membranes
He who satisﬁes himself with only what suﬃces
him from the worldly aﬀairs will be suﬃced with
the least of it, but whoever is dissatisﬁed with
what suﬃces him nothing at all will suﬃce him.
Ali ibn Ablitalib
OUTLINE OF THIS CHAPTER
Most of the fabrication processes in this thesis are based on working
with PDMS elastomers. This chapter is devoted to all the developed
technologies to realize various kinds of membranes including diﬀerent
thicknesses and shapes. In this chapter the focus is on the comparison
between various fabrication processes to realize various kinds of PDMS
membranes..
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2.1 Fabrication of Thin PDMS
Membranes
For several reasons applications demand thin layers of materials which are
called conveniently membranes. In general rigid stiﬀ materials become flexible
when the thickness is suﬃciently reduced. For example a Si wafer having 500 µm
thickness is relatively rigid (ν ≈ 160GPa) but a 1 µm layer of it becomes quite
flexible. Such a flexible material finds applications for example in ultrasound
imaging devices [1] or microvalves [2] which need flexible membranes to
vibrate.
One of the inherent advantages of PDMS is that it polymerizes from a liquid
silicone. This liquid silicone can be thinned down in various methods:
• Doctor blading
• Spinning
• Hot embossing
The thin membrane layer is then cured to form a silicone membrane. During
the curing process the thickness does not change. All the mentioned methods
control the membrane thickness using this phenomenon. These methods are
the subject of the following sections. Each method has its own advantages
and disadvanges that are discussed accordingly. The silicone thickness for a
membrane can be as low as 5 µm up to several 100 µm.
Soft-lithography can be done on silicone membranes to transform various
shapes into this elastomer. Soft-lithography as is also used and discussed in
other chapters is basically pouring liquid silicone on a master mold followed by
thermal curing. This transfers the patterns from the master mould to one side
of the silicone layer. The process is illustrated in Fig. 2.1. Howerver, one desir-
able feature for silicone membranes is to have features all over the thickness.
Consider for example making a perforated membrane with precise dimensions.
The reason for the expression precise is that for example in chapter 4, punching
is used as a way to fabricate perforated membranes in the single stop layer
microvalve which is not done precisely. In this chapter hot embossing of sili-
cone is presented as a way to manufacture perforated membranes. Perforated
membranes have many applications as it becomes more clear later on in this
dissertation.
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Fig. 2.1.A simple schematic di-
agram of the soft lithography
process is illustrated. (i) A sil-
icone wafer is cleaned and de-
hydrated first. (ii) A layer of
SU-8 is spin coated and pat-
terned on the wafer. (iii) Liquid
PDMS is poured on top of the
wafer and after curing it is peeled
oﬀ (iv). It results to micropat-
terns on one side of the PDMS.
After forming the silicone membranes into desired shapes, the process is
generally followed by bonding the membrane to other layers. Another advan-
tage of silicone compared to other polymers is that multiple layers of it can
be stacked using dry bonding technique. In this work we have developed a
method to transport thin layers of silicone and bond them without introducing
notorious air bubbles [3]. This method is discussed in Sec. 2.3.
2.1.1 Doctor Blading
As mentioned there are several techniques to form liquid silicone into mem-
branes. The first technique is doctor blading. A camera image of a doctor blade
is shown in Fig. 2.2. In order to have membranes with specific thicknesses,
after pouring the silicone on top of the SU-8 mold (Fig. 2.1-iii), the substrate is
scanned using a height adjusted blade as shown in Fig. 2.2. The height of blade
is precisely adjusted using two micro screws.
Doctor blading is a very simple, yet eﬃcient technique to form silicone
membranes in the range of a couple of 100 µm. Note that after scanning the
surface using the blade, it is best to cure the silicone as soon as possible to
prevent thematerial from spreading further. Obviously spreading of the silicone
depends on its viscosity. It suggests that every type of silicone has to be calibrated
separately in this technique. Our results indicate that 5% thickness uniformity
over a 4 inch wafer size is feasible. As can be expected, this technique is not
suited for fabricating membranes less than 100 µm thick. For ultra thin layers,
the re-flow of silicone before curing would be significant. The force of the blade
to remove silicone residues would be more as well for thinner layers making
it more diﬃcult to keep the substrate in place. Generally spin coating or hot
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Fig. 2.2.A camera image of a doc-
tor blading is illustrated. It con-
sists of a flat board with a height
adjusted blade. The blade is placed
on top of the flat surface and is
pushed with the handle on the
back of it. The speed of the han-
dle can be adjusted. Normally
2–4 scans are necessary to achieve
good thickness uniformity.
embossing is used for the fabrication of thinner membranes.
2.1.2 Spin Coating
Spin coating is a widely adopted method to form thin layers of any liquid resist
such as photoresists, polyimide, SU-8, etc. A camera image of a spin coater
is shown in Fig. 2.3. Spin coating of silicone is suited where lower membrane
thicknesses compared to doctor blading are demanded. In particular, in the
very low thickness regime, say ≤ 20 µm, the surface uniformity of the layer
stands out. Table 2.1 shows the results of spin coating of silicone membranes
with diﬀerent spinning speeds. In practice the thickness of the membrane layer
can go suﬃciently low if the duration of spinning is long enough and the speed
is suﬃciently high.
Spin coating of silicone can be used at very low speeds, say 500 rpm as well,
in order to spread the silicone on the wafer. However, at low spinning speeds
the surface uniformity of this method is generally very poor. Doctor blading
and hot embossing are preferred methods for higher thicknesses.
2.1.3 Hot Embossing
In this dissertation hot embossing is used in two cases:
• Fabrication of silicone membranes on transparent substrates.
• Fabrication of perforated membranes (featuring through holes).
In this section the former is discussed. The latter is discussed in Sec. 2.2.2. For
some applications after fabricating the membrane, it needs to be transported
on a temporary carrier before being aligned and bonded to another layer. The
2.1. FABRICATION OF THIN PDMS MEMBRANES 25
Fig. 2.3.A camera image of a
spin coater is illustrated. The
substrate is placed on top of
the middle chock and kept
still using vacuum during spin
coating. Al foils are used to
keep the clean from silicone.
Table 2.1. Fabrication of silicone membranes at diﬀerent spinning speeds. In the type col-
umn “S” and “M” are abbreviations of Dow Corning Sylgard 184 and Nusil MED 6010, respec-
tively.
# First Step Ramp Final Speed Time Type Thickness
1 10 s@ 500 rpm 250 rpm/s 4000 rpm 3min S (9.5 ± 0.5) µm
2 10 s@ 500 rpm 250 rpm/s 4000 rpm 6min S (6.15 ± 0.45) µm
3 10 s@ 500 rpm 250 rpm/s 5000 rpm 3min S (6.65 ± 0.25) µm
4 10 s@ 500 rpm 250 rpm/s 5000 rpm 6min S (5.05 ± 0.05) µm
5 10 s@ 500 rpm 250 rpm/s 6000 rpm 3min S (5.65 ± 0.15) µm
6 10 s@ 500 rpm 250 rpm/s 6000 rpm 6min S (4.25 ± 0.15) µm
7 10 s@ 500 rpm 250 rpm/s 5000 rpm 5min M (14.35 ± 0.05) µm
membrane layer can be even up to several millimeters thick. Note that the
membrane cannot be fabricated simply using soft lithography (Fig. 2.1), because
a standalonemembrane cannot be aligned precisely due to the stretchable nature
of silicone.
Fig. 2.4 illustrates the process flow of fabricating silicone membranes on top
of a transparent PET foil. In this chapter, the general process flow is described.
The processing parameters may diﬀer with respect to the actual application. A
Si wafer is cleaned (i) and patterned with SU-8 (ii). The SU-8 height can be
chosen almost arbitrarily in the range of 3 µm up to 400 µm using various SU-8
resists and processing parameters. The liquid silicone is applied on the Si mold
at this step (iii) using spinning or manual pouring.
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Fig. 2.4. Schematic process flow
for the hot Embossing method. (i-
iii) soft lithography process flow
as shown in Fig. 2.1. A PET sheet
is taken (iv) and silicone is spin
coated on top of it (v). The silicone
is half cured and pressed on top of
the SU-8 sample (vi). Next the sil-
icone layer is peeled oﬀ the wafer
(vii), aligned and bonded to the
target substrate. The temporary
PET carrier is peeled oﬀ eventually
(viii).
Fig. 2.5.A camera image of a
press is shown. This press is
used in the hot embossing process
which was illustrated in Fig. 2.4.
It consists of two massive paral-
lel plates. The temperature of the
plates can be separately adjusted.
Fine and coarse weight gauges are
also visible in the image.
On a PET substrate (iv) PDMS is spin coated. Depending on the needed
thickness various techniques can be chosen to apply the silicone on PET. The
PET substrate is placed on a hotplate in order to half cure the silicone layer (v).
The half cured silicone together with the PET are placed on the SU-8 wafer and
pressed at low pressure values like 1 bar (vi). A camera picture of the press is
shown in Fig. 2.5. Then the silicone and PET are peeled oﬀ (vii). Thanks to the
transparency of PET, the stack can be precisely aligned using a mask aligner
and bonded to the target substrate (viii). This substrate can be for example
another silicone layer or glass with which the silicone can be dry bonded. The
developed method can be used in applications where high accuracy is needed
for the alignment. Because silicone is bonded to a PET layer, its elongation
is zero which results in an alignment accuracy of better than 20 µm over a 4
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inch wafer substrate. Thermal expansion of PDMS also results to alignment
mismatch up to some extent. It is recommended to do the hot embossing
at temperatures below 60 °C to suppress the thermal mismatch as much as
possible.
An important parameter in this process flow is half curing of the silicone
layer on PET. If the half curing is exaggerated, the membrane layer would not
form a single layer during the final curing. Therefore, during the peeling oﬀ
process, the membrane tears as shown in Fig. 2.6. Another significant point is
the adhesion of the PDMS stack to PET. If the adhesion is lower than a certain
limit, the silicone stack would not be peeled oﬀ as illustrated in Fig. 2.4 (vii).
Instead PET alone will be peeled oﬀ and the PDMS remains on the wafer.
One of the influencing factors in the adhesion of PDMS to PET is the thick-
ness of the PET itself. If the PET is very thick, it does not follow the deforma-
tions of silicone and thus separates from silicone during peeling oﬀ at step vi
in Fig. 2.5. Specially for lower silicone thicknesses, thinner PET sheets should
be used. In this dissertation, commercial 50 µm release liners are used as the
temporary carrier with successful outcome. More details on the release liners is
presented in Sec. 2.3. Thin sheets of PI feature transparency and low cost and
can be used in place of PET as well.
2.2 Perforated Membranes
Up to now the discussion was on fabrication of silicone membranes in various
thicknesses. All the discussed methods result in a silicone membrane which is
patterned on one side maximum as illustrated in Fig. 2.1. However, sometimes
there is a need to have through holes. In other words, silicone membrane needs
to be perforated in some parts. In this dissertation two methods are tried to
fabricate perforated membranes:
• Laser drilling
• Hot embossing
Both methods are presented in the following sections along with the experi-
mental results.
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Fig. 2.6. In this figure two cam-
era images of the fabricated mem-
branes are shown. The mem-
branes are spin coated on top of
an SU-8 wafer. From the wrinkles
on the top image and the crum-
pled state of the membrane on the
bottom image, it is visible that its
thickness is low (15 µm–20 µm).
The images are intentionally cho-
sen to demonstrate the signifi-
cance of the half curing process
and also the thickness of the mem-
branes.
Fig. 2.7.A microscope image of
a laser drilling of PDMS with CO2
laser is shown. As can be seen the
edge profile is not very smooth and
the edges are burnt. The hole size
is 100 μm.
2.2.1 Laser Drilling
In this technique, first a membrane layer with a specific thickness is fabricated.
This step can be done using spin coating, doctor blading or even hot embossing
of silicone depending on the demanded thickness. Then the membrane layer is
exposed to laser to drill the holes. Fig. 2.7 shows the result of a laser drilling
experiment.
It was found out that there are several disadvantages of using laser to make
holes in silicone. First of all the power of CO2 laser is high (e.g. 400mJ and
150Hz pulse power and frequency, respectively). Therefore, instead of etching
the silicone it burns it in the presence of O2. As can be seen in Fig. 2.7, the
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edges of the holes are burnt. Although this might not be a problem for certain
applications, it raises serious biocompatibility concerns. There is an inherent
tapering eﬀect with the laser ablation [4] as well. In fact at the edge there is
reflection of the light and some other phenomenon that prevent the complete
absorption of the laser beam. This aﬀects the diameter of the hole on both
sides of the sample. The top side of the sample which is exposed first has bigger
diameter compared to the bottom side. Thirdly, themembrane should be peeled
oﬀ from the Si wafer and be placed on a temporary carrier like ceramic or PET.
If the membrane is thin, this transfer of the membrane makes the process more
complicated. Furthermore, during the laser ablation process, the substrate is
ablated as well. Extra cleaning steps need to be done to remove the substrate
burns from the silicone membrane. Because of all these reasons, we decided
not to use this process for the fabrication of perforated silicone membranes.
However, for other applications where biocompatibility is not a concern, this
method can be applicable.
2.2.2 Hot embossing
Disadvantages of laser drilling of silicone resulted to development of a hot
embossing method to fabricate perforated membranes. A general overview
of hot embossing is presented in Sec. 2.1.3. In this section the procedure is
presented in more detail. In this dissertation we have used a press for the hot
embossing process and no vacuum is applied. A camera image of the press
which is used in this dissertation is shown in Fig. 2.5. It mainly consists of two
massive parallel plates. The sample is placed between the plates. Then the plates
come into contact with the sample and the pressure is raised. The pressure
can be controlled using the coarse and fine pressure gauges on the machine
depending on the applied pressure.
Fig. 2.8 illustrates schematically the stack which is used for the fabrication of
perforated membranes. The procedure starts with manual pouring of silicone
on a Si wafer which is already patterned with SU-8. The silicone should spread
all over the wafer. Spreading can be done manually or using spinning at low
speeds, say 500–1000 rpm, as well. The wafer with the silicone is degassed in
a vacuum chamber. This step is necessary particularly if the SU-8 thickness
is more than 10 µm. It removes any unwanted air bubbles trapped near the
SU-8 edges. A PET sheet is gently placed on top of the silicone. The introduced
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Fig. 2.8. Schematic diagram of
the stack which is used in hot em-
bossing is illustrated. First, sili-
cone is poured on the SU-8 wafer
manually. Then a PET sheet is
placed on top of the silicone and
the whole stack is placed between
two teflon foils in order not to con-
taminate the press.
bubbles are carefully pushed towards the outer surface of the wafer. If the
silicone layer is very thin at this step, the bubbles cannot be removed any more.
The stack consisting of Si, SU-8, liquid silicone and PET is then placed inside
the press. The whole stack is also placed between two Teflon foils in order
not to contaminate the equipment with silicone spills. The plates are brought
into contact and gradually the weight is applied up to 100 kg, which translates
approximately to 1.3 bar on the surface of the 4 inch wafer. Finally the plates are
heated to 60 °C for 2 h to cure the silicone. Silicone can be peeled oﬀ without
leaving any residue.
Fig. 2.9 shows a microscope image of the sample up to this stage. As can be
seen from this image the siliconemembrane has been shaped very well. Fig. 2.10
illustrates the surface profile of a perforated membrane using optical surface
profiler. Fig. 2.10(a) shows a top view of the perforatedmembrane. In this image
the red and blue regions illustrate silicone and hole, respectively. Both X and Y
coordinates are distance in mm and the height is shown in color. The depth
of the hole in the membrane is equal to the membrane thickness (≈100 µm).
In order to better investigate the surface profile near the hole, Fig. 2.10(b)
illustrates height of the membrane along a horizontal line approximately in the
middle of Fig. 2.10(a). From this image, firstly the 100 µm hole depth in the
membrane is visible and secondly, it can be seen that there is a 5 µm height
diﬀerence between the edge of the hole and the bulk of silicone.
This height diﬀerence does not cause any problem unless this layer needs to
be bonded to another layer of silicone or glass using the dry bonding method.
In order to do dry bonding both surfaces need to be completely uniform to
have a proper contact over the surface. A 5 µm height diﬀerence as in this case
prevents having a full surface dry bonding between two silicone layers. It was
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Fig. 2.9.Microscope image of a
perforated silicone membrane is
shown. The channel on the left
is 100 µm wide. The membrane
is still placed on the PET sheet.
(a) Top view (b) Horizontal height scan
Fig. 2.10.An optical surface pro-
filer image of a perforated mem-
brane is presented: (a) Shows the
top view of the membrane and the
height profile is shown in color.
(b) Shows the detailed height
profile of (a) along a horizontal
line in the middle of (a). 5 µm
height diﬀerence is the height
diﬀerence between the edge of
the hole and the bulk of silicone.
Fig. 2.11.This image shows the
surface non uniformity around the
edges of SU-8 (circled in red color).
The illustration colors in this im-
age were annotated in Fig. 2.8.
found out that the problem is occurring because of the conformable properties
of the PET layer.
Fig. 2.11 illustrates schematically what happens to the PET layer under pres-
sure. Since it deforms around the edges of SU-8, it will cause height non
uniformity in the silicone membrane.
To overcome this problem, instead of having PET on silicone, a stiﬀ material
can be used. The problem with this approach is that after curing the silicone the
stiﬀ material cannot be separated to peel the silicone oﬀ the Si wafer. Therefore
a flexible material needs to be used on top of Si anyhow. Finally a Si wafer was
used on top of the PET, but to minimize the PET deformation, a thinner PET
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Fig. 2.12. Schematic diagram of
the improved stack structure is
presented. The thick silicone on
top is used to transfer an as much
as possible uniformpressure to the
Si wafer below. The Si wafer on
top of the thin PET helps to make
the silicone height more uniform.
The illustration colors in this im-
age were annotated in Fig. 2.8.
(50 µm) was used. The improved stack is schematically illustrated in Fig. 2.12.
The stack is very similar to Fig. 2.8 except that the PET is replaced with a thin
PET and on top of PET a Si wafer is placed. The thick silicone layer on top
is just for the purpose of uniformity of the pressure of the plates. If the thick
silicone is removed there is a high chance that both wafers will break by small
spatial variations of the pressure. The fabrication process is very similar to
the fabrication process which was described for the previous stack. The only
modification was on the way the pressure is applied to the stack. The 100 kg
weight is applied very gradually. After this time since the silicone flows out of
the Si wafer the pressure drops. For the second time the weight is increased to
100 kg. After 10min the heat is applied. After curing the silicone the PET and
silicone are peeled oﬀ. Using this improved stack, surface non uniformity was
measured to be less than 2 µm near the SU-8 edges. This thickness is suﬃcient
to have good dry bonding of two silicone layers.
Silicone membranes can be transported using the PET layer and can be
bonded to any other layer. This technique is named Pick & Place. Fig. 2.13
shows a perforated membrane which was transported using the PET carrier
and bonded to a glass substrate. The relatively big hole in the middle of the
image clearly shows no residue of silicone. The handle which is connected to the
circle in the middle has a width of 100 µm. Using this Pick & Place technique
good quality holes with small feature sizes (< 100 µm) can be fabricated. In
the following section more results on stacking multiple layers of silicone are
presented.
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Fig. 2.13.This microscope im-
age shows a perforated membrane
which is bonded to a glass sub-
strate. The hole in the mem-
brane is clearly visible. The han-
dle which is connected to the cir-
cle in the middle is 100 µm wide.
2.3 Stacking Multiple PDMS Layers
In this dissertation, the fabrication processes have been developed to stack
several layers of silicone. As will be seen in later chapters, for the fabrication of
many micro structures multiple layers of silicone (flap, slab, cavity, etc) need
to be stacked. There are several ways for bonding silicone membranes: dry
bonding using air [5] andO2 plasma, change the ratio of curing agent to silicone
base, corona discharge, partial curing and cross linker variation. A comparison
study of all these methods is presented in Eddings et al. [6]. However, the dry
bonding method is the most widely adopted method for permanent bonding of
silicone layers mainly due to its simplicity. It can also be used to bond silicone
to glass. Furthermore, this method has the advantage not to introduce any
extra adhesive or intermediate layer.
Basically the principle of dry bonding is introducing polar groups including
silanols (Si−OH) at the surface of the silicone with the aid of the plasma. The
silanol groups from two activated silicone surfaces can form covalent siloxane
bonds (Si−O−Si) when the substrates are brought into contact. This technique
works equally well for glass/silicone bonding. It is a gold standard in fabrication
of microfluidic structures in silicone. This technique has been introduced in
1998 [7, 8] and from then it is well characterized.
Despite all the advantages of the dry bondingmethod it is prone to air bubbles
when the silicone layers come into contact. In particular when the layers are thin
it is more diﬃcult to have a conformal contact without introducing air bubbles
during bonding. At some places over the surface the substrates touch sooner
and the bubbles are formed. The process becomes even more diﬃcult when
the alignment is introduced. In the course of this dissertation we developed a
modified dry bonding method to align and bond two silicone layers without
introducing air bubbles.
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Fig. 2.14. Schematic image of
aligning and bonding two silicone
layers using water is shown. Note
that the bottom substrate can be
silicone or glass as the mechanism
of bonding the two is similar.
In this method after plasma activation of the surface, a drop of DI water is
placed on one of the silicone layers. Thewater drop is manually spread by tilting
the substrate and then the two wafers come into contact. In case there is no
water, at this step there would be a permanent bond between the two layers as
soon as they touch. Since thin layer of PDMS is extremely flexible/stretchable,
it is impossible to place it flat on another substrate. Therefore even if vacuum
is used for the alignment instead of water, having a uniform bonding all over
the layer is not possible. As Fig. 2.14 shows, water helps to make a conformal
contact between the two substrates. It also provides room for rough alignment
of the layers, since the layers can still slide over each other after contact. In
this dissertation after making contact between the two silicone layers, the stack
was placed under a stereo zoom and using the align marks on the substrates
the layers were slided to reach to the aligned position. If the process is done
carefully it results in bubble free surfaces.
Fig. 2.15 shows a stack of silicone layers during the alignment process. The
sample is aligned first and then the image is captured. This sample is composed
of two layers of silicone and one glass layer on the bottom. The small middle
hole belongs to glass, then another silicone layer is aligned and bonded on
glass and finally the second silicone layer is aligned. The second silicone layer
consists of two handles that attach to a circular membrane in the middle (see
Fig. 2.13).
After alignment the stack is placed in an oven at 50 °C overnight. At this step
the water is evaporated and the layers are permanently bonded. Then the PET
can be gently peeled oﬀ from the silicone. Fig. 2.16 shows a microscope image
of a sample after removing the PET. As can be seen the alignment process is
reasonably accurate.
Bonding with water features some disadvantages as well. Firstly the align-
ment is not always accurate because the layers can slide after the alignment.
Therefore, extra care should be taken to introduce as less as possible movement
during transport of the sample after alignment. For instance, Fig. 2.17(a) shows
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(a) (b)
Fig. 2.15.The presented micro-
scope images illustrate the align-
ment process of multiple silicone
layers. (a) and (b) are taken at
diﬀerent zoom levels and they
belong to two diﬀerent samples.
The stack consists of three lay-
ers of PDMS bonded on glass.
Fig. 2.16.This image is taken
after peeling oﬀ the PET from
the top silicone layer. As can be
seen from the sample, this tech-
nique provides a reasonably accu-
rate alignment (see Fig. 2.17(a)).
(a) Alignment shift (b) Silicone residue
Fig. 2.17. (a) illustrates the align-
ment shift during the transport
of the stack after alignment. (b)
The silicone residue below the top
silicone layer is clearly visible.
a microscope image of a sample very similar to Fig. 2.16 but with an alignment
mismatch. Another problem that might happen is the presence of a thin residue
layer of PDMS on SU-8. Fig. 2.17(b) demonstrates this problem. In practice it
is not always easy to avoid silicone residues due to the height diﬀerence in SU-8
layer and also non uniform pressure on the SU-8 mold. The non uniformity of
the pressure is caused by the presence of any contamination on the back side of
the mold, SU-8 height diﬀerence over the wafer and non fully parallel plates in
the press. This is a drawback of the Pick & Place method as discussed before.
However, for many of the applications the stack used in Fig. 2.8 can be used
reliably and around 5 µm height diﬀerence near the SU-8 edge is tolerable.
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Themost perfect of men in intellect is the best of
them in ethics.
The favor is not perfected but with three (things):
by doing it quickly, debasing it, and hiding it.
Jafar ibn Muhammad al-Sadiq
3
Transverse Electroosmosis
Micropump
Time wears out bodies, renews hopes, brings
death nearer and takes away aspirations. Whoever
gets anything from the world lives in anxiety for
holding it and whoever loses anything passes his
days grieving over the loss.
He who is greedy is disgraced; he who discloses
his hardship will always be humiliated; he who has
no control over his tongue will often have to face
discomfort.
Ali ibn Abitalib
OUTLINE OF THIS CHAPTER
In this dissertation a ﬂexible transverse electroosmosis micropump is
designed, fabricated and throughly characterized. The characterization
is done based on the ﬂow speed and mechanical performance. The
ﬂow speed is measured using microparticle image velocimetry. Due
to the helical ﬂow proﬁle of the micropump, this unit can be used as
an active micromixer as well. This micropump is the subject of this
chapter.
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3.1 Introduction and Literature
Survey
One of the components used in many biological applications is a micropump.
In this dissertation we have designed and fabricated a transverse electroosmosis
micropump. This micropump operates with low DC voltages and can be used
as a micromixer as well. In view of fabrication complexity, electroosmosis
micropump features one of the most straightforward and favorable processes
among alternative actuation principles, given no need for flow rectification
valves [1]. New variants of conventional electroosmosis have emerged in the
literature recently [2, 3]. Induced charge electroosmosis has been introduced
by Urbanski et al. [4]. Furthermore, flow over asymmetric electrodes for the
first time has been presented [5, 6]. Topography and charge variation, have
also been used to induce flow under low DC voltages by Gitlin et al. [7] and
Stroock et al. [8], respectively. In the topography variation technique, i.e. the
adopted transverse electroosmosis phenomena in this thesis, DC voltages less
than 10V produce flow speeds comparable to high voltages in conventional
electroosmosis.
The determining factor in the electroosmosis flow (EOF) is the zeta poten-
tial of the material. Zeta potential quantifies the magnitude of the electrical
charge at the interface of liquid and PDMS. There are reports investigating the
PDMS zeta potential in the literature ([e.g. 9]). Moreover, it is verified that all
PDMS microfluidics, i.e. both microchannel and substrate in PDMS, behave
in a similar manner to the usually adopted PDMS-glass structures [10]. In
this thesis all microchannels are fabricated in PDMS, however the flow speed
characterization is done for a PDMS-glass structure similar to Gitlin et al. [7].
The novelty of this micropump is the first time combination and realization
of flexible microfluidics and flexible electronic interconnects. Furthermore, it is
solely composed of PDMS andAu. For an even better degree of biocompatibility
in long-term applications, the same process flow can be used to substitute Pt
for Au.
3.2 Theory
The principle of transverse electro-osmosis has been theoretically introduced
and discussed [7, 11]. The first micropump based on this principle has been
fabricated by the same group [7]. The key point is the anisotropic response of
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Fig. 3.1.A schematic of the trans-
verse electroosmosis micropump
is illustrated. The grooves are
positioned with an angle θ rela-
tive to the channel direction (y
axis). Two Au electrodes are
placed across the channel. Mi-
croscopy area is shown in the pic-
ture which is placed (hc/4) above
the bottom of the channel. The
trajectory of the flow is helical.
the fluid to the obliquely angled grooves which are positioned inside the micro
channel.
A schematic diagram of the micropump is shown in Fig. 3.1. Electrodes are
placed across the channel on the bottom plane and θ = 45° oriented grooves
are located on top of the microchannel. hg and hc are groove and channel
height, and wg , wc are groove and channel width, respectively. By applying a
DC voltage in x direction, an electrical field is formed across the channel (x and
z direction). The proportion of the fluid which is inside the grooves will move
in the same direction of the grooves and since this direction is in a particular
angle (θ) relative to the channel length (y axis), a net transversal flow in y and z
direction will be created. This flow is called the transverse electroosmosis flow.
Given the grooves are positioned neither parallel (θ = 0°), nor perpendicular
(θ = 90°), such a phenomenon always exists. This phenomenom is called the
transverse electro-osmosis. The trajectories of the overall flow are not turbulent
but helical, which is a very desired feature in active micromixers (see Stroock
et al. [12]).
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3.3 Design
According to Gitlin et al. [7], the amplitude of the net flow depends on the
applied electric field, the average surface charge (σ0) and on (hg/hc)
2 for small
(hg/hc). In this thesis θ = 45° is chosen for the grooves angle since the net
flow is maximum in this angle [7]. hg and hc are designed 10 µm and 60 µm,
respectively. To realize the design with planar thin film and soft-lithography
processes, two layers of microfluidics and interconnects are separately fabri-
cated, aligned and bonded together. Fig. 3.2 illustrates a schematic diagram of
the top and side view of the micropump.
The micropump consists of a microfluidics layer and an interconnect layer.
The microfluidics layer is composed of the microchannel with the liquid reser-
voirs at its two ends and the grooves. This layer is eventually aligned and bonded
to the interconnect layer.
The micro channel is separated in two parts: the active area with the grooves
(lc) and the microscopy area (lm) (3D picture was shown in Fig. 3.1). The
microscopy area is covered with neither grooves nor electrodes in order to
allow observation from the top for micro particle image velocimetry (µ-PIV).
3.4 Fabrication
The fabrication parameters are published in our previous works Jahanshahi
et al. [13] and Jahanshahi et al. [14]. For complete description of the process,
the gentle reader is referred to the mentioned works. However in contrast to
those papers the complete process flows for the sake of the size in this thesis
are organized in several fabrication tables which is discussed in this section.
The fabrication process is schematically illustrated in Fig. 3.3. First of all
fabrication of interconnect layer is discussed as illustrated in Fig. 3.3(a). The
complete process flow is also collected in table 3.1. After cleaning and cutting
the cu-foil to the desired size, fabrication starts oﬀ with the standard pho-
tolithography patterning of a positive thick photoresist which serves as the
mask or even a mould for a selective electro deposition of Ni/Au in the next
step. An intermediate layer of Ni is electro deposited prior to Au because of poor
adhesion between Au and Cu. This intermediate layer serves also as a barrier
for the diﬀusion of Cu into Au which is potentially harmful to biocompatibility
[15].
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Fig. 3.2. Top view and cross
section of the transverse elec-
troosmosis micropump is illus-
trated. The grooves are shown
by red lines between the Au elec-
trodes in the top view figure.
The position of the electrodes
with respect to the microchan-
nel and grooves are depicted
clearly in the cross sectional view.
(a) Interconnect layer (b) µ-channel layer (c) Bonding step
Fig. 3.3.The schematic diagram
of the total fabrication steps. (a)
A thick resist is patterned on top
of Cu-foil (i), followed by the elec-
trodeposition of Ni/Au (ii) and
stripping the resist (iii). The
top surface is cast in PDMS (iv).
(b) On a blank Si wafer (i), two
stacking SU-8 layers are patterned
to form the µ-channel (ii) and
grooves (iii). The top surface is
cast in PDMS (iv). (c) Cast PDMS
is peeled oﬀ from the intercon-
nect (i) and the fluidic layer (ii).
The two layers are dry bonded
using surface plasma activation.
After stripping the resist, biocompatible PDMS is cast on the foil and sand-
wiched between two parallel plates at a pressure of 100 kPa to reduce its thick-
ness to 100 µm. In table 3.1, PDMS casting part, this step is detailed. Firstly
PDMS is spin coated on both the Cu foil and a PET transparency sheet. The
PDMS on the PET sheet is half cured and placed on the Cu-foil and then they
are placed into the press. The half-cured PDMS behaves as a size constraint
object or spacer in order to control the total thickness of the whole stack. After
fully curing the PDMS stack, copper foil and Ni are wet-etched.For speed mea-
surement purposes instead of the fabrication process discussed here, patterned
Au on a glass substrate is used as the interconnect layer. In order to do this
TiW/Au was sputter coated on a glass substrate and patterned using standard
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Table 3.1. Fabrication steps for the interconnect layer illustrated in Fig. 3.3(a).
Photo
Litho-
graphy
1. μ-etch 2-inch Cu foil from CircuitFoil in CuCl2 and HCl for 30
′′.
2. SpinMa-P1275 @ 4000 rpm for 30′′ in max acceleration⇒ 6.5 µm thickness
3. Pre-bake 5′ @ 100 °C
4. Exposure 175mJ/cm2
5. Develop depends on agitation ≈ 1′
6. Proﬁlometer thickness ≈ 6.5 µm
Electro
Plating
1. ActivationCu surface using H2SO4 20%, quick rinse
2. PlateNi 28.8mA/mm2 for 2′55′′ @ 57 °C⇒ 1.7 µm thickness
3. ActivationNi surface HCl (1∶1), quick rinse
4. PlateAu various thicknesses @ 1.5mA/mm2 @ 65 °C @ (rate: 1.47 nm/s)
5. StripMa-P1275 in Aceton
PDMS
Casting
1. SpinDow Corning MDX-4210 at 500 rpm for 30′′ on PET⇒ ≈200 µm thickness
2. SpinPDMS at 500 rpm for 30′′ on Cu foil⇒ ≈200 µm thickness
3. Half-curePET substrate for 7′ @ 70 °C
4. Press the two layers in 1 bar @ 70 °C for 2 h⇒ ≈100 µm thickness
5. Peel oﬀPET manually and gently
6. StripCu foil in CuCl2 @ 50 °C ≈ 7
′
photolithography.
The fabrication process for the microfluidics layer is schematically depicted
in Fig. 3.3(b). The process flow is presented in table 3.2. Two layers of SU-8
are patterned sequentially, in order to form microchannel and grooves mold,
respectively. In Fig. 3.4, an SEMmicro graph of the channel and grooves mold
is shown. The vertical sidewalls of the grooves due to the use of wavelength filter
are visible in particular in Fig. 3.4(b). The key issues for this step of fabrication
are: development of both layers in a single step of SU-8 development, spin
coating the second resist after post- exposure baking of the first resist and using
the optical wavelength filter to eliminate UV wavelengths below 350 nm [16]
in order to have vertical sidewalls.
After preparing the mold, PDMS is hot embossed (pressed) onto the mould
using the same method as in table 3.1 (PDMS casting part). Following step
is punching two holes in place of the reservoirs. The resulting microfluidics
layer (Fig. 3.3(b)), together with the interconnect layer (Fig. 3.3(a)) are loaded
in a plasma system with the parameters presented in table 3.3. The schematic
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Table 3.2. Fabrication steps for the µ-channel layer illustrated in Fig. 3.3(b)
SU-8 3050
1. Dehydrate 4-inch Si for 15′ @ 325 °C
2. Spin 13′′ @ 300 rpm, 30′′ @ 2400 rpm @ 300 rpm/s⇒ 60 µm thickness
3. Prebake 7′@65 °C, 25′ @ 95 °C, step hotplate
4. Exposure 370mJ/cm2 using high pass filter (see Sec. 3.4)
5. Post-Exposure Bake 1′@65 °C, 9′ @ 95 °C, step hotplate
SU-8 3010
1. Spin 10′′ @ 300 rpm, 30′′ @ 3500 rpm @ 300 rpm/s⇒ 10 µm–15 µm thickness
2. Prebake 2′@65 °C, 5′ @ 95 °C, step hotplate
3. Exposure 230mJ/cm2 using high pass filter
4. Post-Exposure Bake 1′@65 °C, 2′ @ 95 °C, step hotplate
5. Develop depends on rate of agitation ≈ 2′
PDMS
Casting
1. SpinDow Corning MDX-4210 at 300 rpm for 30′′ on PET⇒ ≈500 µm thickness
2. SpinDow Corning MDX-4210 at 300 rpm for 30′′ on SU-8 mould⇒≈500 µm thickness
3. Half-curePET substrate for 15′ @ 60 °C
4. Press the two layers in 1 bar @ RT for 2 h⇒ ≈100 µm
5. Full Cure 1 h @ 60 °C in oven
6. Punching reservoir holes using a 2mm puncher
(a) Groove and µ-channel (b) Groove
Fig. 3.4. SEM images of the dou-
ble SU-8 layer on top of Si wafer
are shown. (a) The whole SU-8
stack. (b) The groove image
on top of the µ-channel layer.
diagram is illustrated in Fig. 3.3(c) . After this surface activation step, both
layers are subsequently aligned and bonded together using a mask aligner. The
fabrication of the micropump is finalized with the bonding step.
The channel and ports should be however hydrophilic in order to be able to
pump the liquid, otherwise water will be repelled and should be forced into
the microchannel and the proper function of the pump would be altered [7].
Therefore afterwaiting for some time for the proper bonding of the PDMS layers,
the microchannel is filled with DI water to preserve the surface hydrophilicity
in the presence of a polar liquid. The later tests have shown that even after
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Table 3.3. Bonding the interconnect to the µ-channel layer as illustrated in Fig. 3.3(c).
Bonding
1. Plasma air activation sample in table 3.1 for 24′′ @ 190W in 0.8mbar
2. Plasma air activation sample in table 3.2 for 24′′@190W in 0.8mbar
3. AlignThe two substrate under mask aligner quickly
4. Bonding contact the samples for bonding
5. Peel oﬀPET from the sample in table 3.2
Storage 1.Wait 10
′ to assure the bonding
2. Hydrophilic pdms is preserved by storing the sample in water
8 months, the channels are hydrophilic and water could be pumped. The
micropump was kept in a holder filled with DI water during this time. The
preservation of electroosmosis mobility over time is also supported by Ren et
al. [10].
For illustration purposes, an optical microscope image of the final fabricated
microfluidics on top of electrodes is illustrated in Fig. 3.5. This image is captured
from the top side. It shows the grooves on the top side along the electrodes
across the channel. The onset of the microscopy area is also annotated.
Once the first SU-8 layer, i.e. μ-channel layer, is post baked, the polymer
is cross linked and roughly the typography of the pattern can be seen on the
wafer. This means that a height variation is introduced on the first SU-8 layer.
In fact, solvent evaporation in the UV-exposed regions of the SU-8 causes a
slight height variation in the range of few micro meters. Due to this eﬀect in
the area of microchannels, i.e. exposed region, the SU-8 is thinner compared
to other non exposed regions. Thus, when the second layer is spinned on the
already non uniform layer; the second SU-8 on the edge of the patterns, i.e.
microchannels, is thicker and the height decreases as it moves towards the
middle. However, this transition from the edge to the middle of the μ-channel
is more pronounced in wider μ-channels (see Jahanshahi et al. [14] as well).
To demonstrate this eﬀect two optical profiler images of the surface using a
Wyko NT 3000 equipment are shown in Fig. 3.6. Comparing Fig. 3.6(a) with
Fig. 3.6(b), the eﬀect of the channel width is clearly visible. As can be seen
height variation on wider channels is higher. In the narrower microchannel
the step coverage
A camera image of several fabricated micropumps on a PET carrier is illus-
trated in Fig. 3.7. From this image, it can be seen that the micropumps are
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Fig. 3.5.A microscope image
of the transverse electroosmo-
sis micropump from the top
view is shown. Electrodes,
grooves and microscopy area
are highlighted. The two yel-
low Au circles on the border
of µ-channel and microscopy
area are for alignment purposes.
(a) Narrow µ-channel (b) Wide µ-channel
Fig. 3.6.Optical profilometer
images of SU-8 moulds for
the narrow (a) and wide µ-
channels (b). From the im-
ages, clearly the height varia-
tion is more in case of wider
compared to narrow channel.
(a) 2 cm bending radius (b)
Fig. 3.7. Two camera images
of the fabricated micropump is
shown. (a) and (b) are taken
in two diﬀerent compositions.
The flexibility of the final de-
vice is visible. On this substrate
three micropumps are fabricated.
flexible under approximately 2 cm bending radius (Fig. 3.7(a)). Three pumps
are fabricated together in this sample (Fig. 3.7(b)), and as can be seen batch
processing is possible, reducing the total manufacturing and processing costs.
The total size of each micropump is 25mm × 1mm× 400 µm (L×W×H).
The physical location of microscopy area, microchannel and the reservoirs are
annotated in Fig. 3.7(a). The illustrated micropump is merely a prototype and
the final device for a specific application can be fabricated substantially smaller
or in shapes other than straight lines, e.g. circles to reduce the surface area.
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3.5 Results and Characterization
This section is separated into three parts. First the method of confocal micro
particle image velocimetry (µ-PIV) is presented for measuring the flow speed.
It is followed by the flow speed results and eventually some data on mechanical
flexibility is provided.
3.5.1 Confocal Laser Scanning Microscopy
Confocal laser scanningmicroscopy is a technique for obtaining high-resolution
3D optical images from transparent or complex shaped samples [17]. Observ-
ing 3D samples using conventional optical microscopes is diﬃcult because of
their large depth of field (DoF). In an optical microscope the image is the 2D
superposition of all spatial planes of the 3D sample inside the DoF distance.
Therefore, the 2D resulting image does not resemble the true 3D object. To
overcome this problem confocal microscopes present very fine DoF in order to
capture only one spatial plane of the sample in each image. The significance of
using confocal microscopy in this work is diﬀerentiating between individual
micro particles in diﬀerent spatial planes as discussed in the following.
3 µm dyed amine terminated polystyrene beads from Poly Sciences in aque-
ous solution (2.5%w/v ) are diluted 30 times in DI water and are injected into
themicrochannel as ameasure for flow speed. Amicroscope image of themicro
particles floating in the region of grooves is shown in Fig. 3.8. A Zeiss confocal
microscope is used to scan an area of 5 µm depth in the channel, i.e. the line
scan mode with 5 µm DoF. The scan rate is set to 700 µs which is short enough
to provide suﬃcient resolution for the fastest micro particles. Measurements
are done in the microscopy area shown in several of the figures in this chapter
(e.g. Fig. 3.5). In this region, there are neither grooves nor electrodes, resulting
in no driving force. As a result, the flow profile gradually changes from helical
to laminar as the fluid leaves the grooves and sedimentation of micro particles
occurs. Because of sedimentation, speedmeasurements in themiddle z-plane is
more diﬃcult, especially at lower speeds in which the total number of particles
passing the scan line is less. Therefore, the middle plane measurements were
only done at 10V and 15V, in order to have enough particles. For other volt-
ages the measurements were done at z = hc/4 which still had enough particles
for measurement purposes.
For illustration purposes two line scan images are shown in Fig. 3.9. Both
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Fig. 3.8.A microscope im-
age of the µ-channel with
the grooves on top is shown.
The 3 µm micro particles are
injected into the µ-channel.
images are captured in the microscopy area for a total of 25 s duration, 700 µs
sampling rate and over a 17 µm line width. The illustrated images are con-
structed by stacking the sequential line scans and the red spot shows where a
particle was detected. Therefore, a shorter spot height means the particle has
passed the scan line faster, i.e. higher flow speed. The micropump is driven
with 10V and 2V in Fig. 3.9(a) and Fig. 3.9(b), respectively.
3.5.2 Flow Speed
The substrate was accurately positioned horizontally to minimize the eﬀect of
pressure drop due to height diﬀerence. After introducing the particles inside
the microchannel and waiting for the pressure drop settlement by leveling the
liquid level in inlet and outlet, measurements were started. Fig. 3.10 illustrates
the flow speed of the micropump. A line scan for 90 s duration is performed
for each input voltage in the graph. The images are fed to a custom written
script which calculates the speed based on the time that it takes for a particle
to pass the scan line. A small program is written in MATLAB to find out all
the spots in the image and calculate the speed based on the spot height. Then
some statistics is done to find the average and standard deviation. For details of
implementation the reader is referred to appendix B. The number of particles
in the image is from 10 at the lowest speed to 500 at the maximum speed. The
speed variation in diﬀerent micro particles is reflected with the error bars. For
better statistical accuracy whenever the number of particles were less than 20,
the test was redone.
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(a) Fast micro particles (b) Slow micro particles
Fig. 3.9. Two line scan images
in the microscopy area are shown
for illustration purposes. The hor-
izontal axis represents the scan
line width, and the vertical axis
is the total duration of line scan-
ning. (a)Themicropump is driven
with 10V. (b) The micropump is
driven with 2V.
3.5.3 Mechanical Performance
Fig. 3.11 shows several zoomed in optical microscope images of Au tracks in
PDMS. The cracks in the Au layer in fig. 3.11(a) and 3.11(b) are clearly visible.
There are mainly two factors contributing to crack formation: the Au thickness
and conductor track width. As the width scales down Au becomes more stretch-
able and therefore, cracks are formed at higher elongations. Nevertheless, there
is a trade-oﬀ between crack formation due to track width, or more generally
surface area, and the conductivity of the layer. In fig. 3.11(a) and 3.11(b) the Au
thickness is 100 nm and cracks are formed mostly in large surface area struc-
tures. The red circled area in Fig. 3.11(a) on the left shows a visible crack, while
in the right part of the image, the plus sign does not show any visible crack.
Note also the crackless pin shown in Fig. 3.11(b) on top right part. This proves
the eﬀect of surface area on crack formation. In Fig. 3.11(c) the Au thickness
is 5 µm, and despite the large surface area there is no visible crack. The rough
surface of Au and PDMS in all the images is due to the sacrificial Cu-foil surface
roughness, even though the processing is done on the smooth side of the foil.
In this micropump, since the gold layer is not supported with another flexible
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Fig. 3.10. Flow speed of the mi-
cropump with respect to the in-
put DC voltage is shown. The
flow rate is shown for two diﬀer-
ent channel geometries: 1mmand
300 µm channel width. The flow
speed for the former is measured
at two diﬀerent locations in themi-
croscopy area. The highlighted re-
gion shows the flow speed at 10V.
(a) 100 nm thickAu (b) 100 nm thickAu
(c) 5 µm thickAu
Fig. 3.11.Microsope images of
Au tracks embedded in PDMS
are shown. (a),(b) In 100 nm
thick Au layer, small features
do not show any visible crack
in comparison with larger Au
structures. (c) In 5 µm thick Au
layer there is no visible crack.
layer like PI, the mechanical performance in general would not be compara-
ble to the stretchable meanders in chapter 5. The fabrication process should
be modified to support the gold layer with another polymer in order to in-
crease the mechanical reliability. However the electrical characterization of the
micropump still holds.
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3.6 Discussion and Conclusion
Speed measurements are done for two diﬀerent channel widths: 1mm and
300 µm. There are two major eﬀects that aﬀect the speed. The first one is the
electrical field which is relative to the applied voltage and 1/wc. Secondly, the
pressure drop which is relative to 1/w4c . In wide channels, the former is domi-
nant and as wc decreases the latter dominates. As can be seen in Fig. 3.10, flow
speed in a 1mm wide channel is higher compared to a 300 µm wide channel
despite higher electrical field. This shows the pressure drop dominance on the
flow speed compared to the electrical field in the narrower channel. Further-
more, the microscopy area located at the end of the microchannel increases
the total pressure drop, since there is no driving force in that region. The real
speed without the presence of this region would scale up linearly with a factor
of lc/l. Fig. 3.10 also shows that for an applied voltage of 10V over a 1mmwide
channel, speed at z = hc/2 is 1.5 times higher than speed at z = hc/4 which is
a logical observation in the laminar region.
A speed of 60 µm/s at 10V in the middle plane, yields an average speed of
30 µm/s in a laminar region using the poiseuille equation (see classical text-
books, e.g. Granger [18]). This results roughly to a flow rate of 1.2 µl/min. This
is in accordance to the flow rates reported for commercial drug delivery systems
[19].
Another point of concern for the micropump is water electrolysis, and as a
result bubble generation after approximately 5min of continuous operation.
This limits the use of micropump in continuousmode operation. Back-pressure
of the pump is not measured explicitly, although it is expected to be in the range
of 10 Pa which is relatively low.
The other drawback is that the flow rate is dependent on the working liquid.
As the ionic concentration of the solution is increased, the flow rate decreases.
Therefore, the pumping feasibility should be verified in a specific application
with a specific fluid.
Concerning the mechanical reliability, in order to avoid the micro cracks in
the overall structure it is crucial to pattern the lines as narrow as possible and
also increase the Au layer thickness to several micro meters.
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Spend properly and do not be the treasurer of
others. If you cry over what has gone out of your
hands then also cry for what has not at all come to
you. Infer about what has not yet happened from
what has already happened, because occurrences
are ever similar.
Ali ibn Abitalib’s commandment for His Son
4
Normally Closed Microvalve in PDMS
And your Lord has commanded that you shall not
serve (any) but Him, and goodness to your
parents. If either or both of them reach old age
with you, say not to them (so much as) “Ugh” nor
chide them, and speak to them a generous word.
And make yourself submissively gentle to them
with compassion, and say: O my Lord! have
compassion on them, as they brought me up
(when I was) little.
OUTLINE OF THIS CHAPTER
One of the requirements in a biocompatible stretchable platform is
having biocompatible passive microvalves. In this dissertation some
work is done on realization of passive normally closed microvalves in
PDMS. In this chapter the fabricated microvalve is presented along
with the fabrication process and performance characterization. At the
end an example of a pneumatically actuated normally open microvalve
is also provided.
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4.1 Introduction and Literature
Survey
In recent years microfluidics is playing a major role in various emerging bio-
fields such as lab-on-chip [1], micro total analysis systems (μ-TAS), point of
care testing systems (POCT) as well as in vivo and in vitro drug delivery [2].
Micropumps are the key components in microfluidic systems. The require-
ments have become very demanding concerning biocompatibility and small
overall dimensions, imposed in in vivo applications. In the literature, there are
comprehensive reviews on micropumps (e.g. Laser et al. [3] and Amirouche et
al. [4]).
Among mechanical micropumps, the displacement type is widely adopted
in biocompatible applications [2]. One of the most straightforward config-
urations in displacement micropumps is the integration of an actuator with
two microvalves. The actuation principles are mainly magnetic, piezoelectric,
electrostatic and thermo-pneumatic. For a review of the actuation principles
please refer to Oh et al. [5]. The integrated microvalves are either active or
passive, depending on the presence or absence of an actuation mechanism,
respectively. Generally, passive microvalves are preferred where integration
of the microvalve is needed due to a less complex fabrication process. They
are controlled by the diﬀerence in hydrodynamic pressure applied to their di-
aphragm, which can be a membrane or a flap. If the microvalve confines the
flow in only one direction, it is referred to as a check valve.
A check valve consists of a membrane and a seat or slab. As long as the
diaphragm is in contact with the slab, the fluid flow is blocked, i.e. closed
state. When the diaphragm deflects, the valve is open and flow starts, i.e.
open state. If the diaphragm is made of a stiﬀ material like silicon [6, 7], the
achieved deflections are smaller compared to compliant materials. Compliant
membranes usually require an easier and less expensive fabrication and allow
larger displacements at the same pressure range. Various research groups have
fabricated compliantmembranemicrovalves that are bonded to a rigid substrate
[8–16].
Membrane check valves are made by a variety of polymers, such as SU-8 [13]
and Parylene [17]. Among the compliant polymers, PDMS elastomer is widely
adopted for in vivo applications thanks to its high degree of biocompatibility
and good mechanical properties [18]. As a consequence of its low Youngs
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modulus, it is typically used for the fabrication of elastic membranes [8]. It also
provides excellent stacking capabilities as discussed in chapter 2. Despite all
the advantages of PDMS, in NC microvalves the adhesion between diaphragm
and slab causes an increment of the opening pressure and is the main cause
of pressure drop of the forward flow [19]. As mentioned in chapter 1, in in
vivo applications for example, it is necessary to overcome the systolic blood
pressure, which is approximately 15 kPa in normal subjects not taking into
account excess back pressure due to physical movements. Therefore, a desirable
characteristic of a microvalve is to have an in-use opening pressure as low as
possible.
In addition, the fabrication of a NC check valve requires the selective bonding
of the diaphragm to the slab. In fact, at least the edges of the diaphragm
have to be hermetically bonded to the slab to serve as a seal and prevent fluid
leakage. A PDMS NCmicrovalve is fabricated by Mosadegh et al. [20] using
patterned deactivation of oxidized PDMS. The deactivation of PDMS is done
using residual oligomers. In another work, Jeon et al. [16] have fabricated a
passive micro check valve in a multilayer microfluidic design by bonding a
PDMS diaphragm to a bas-relief plate. None of these groups reports any value
for the in-use working pressure.
In short for our intended application, the requirements are biocompatibility,
a NC valve structure, and having in-use pressure as low as possible. Unlike
the reported papers, this microvalve is designed solely in PDMS, thus does
not need any rigid support, maintains the elastic properties of PDMS and
features a low-cost fabrication. The microvalve is capable to operate with an
opening pressure as low as roughly 3 kPa for a 250 µm thick PDMS membrane.
Low surface adhesion between the PDMS membrane and the slab is achieved
by oxidizing PDMS in order to form a silica-like layer on the surface. This
technique has led to a lower release pressure compared to similar techniques in
literature [21].
Throughout this PhD several ideas about the microvalve were proposed.
Some failed and some were not optimal. To better entertain the reader about
the motivations behind the development of the final microvalve the path to the
final design is briefly discussed. Then the fabrication of the final NCmicrovalve
is discussed and the performance is thoroughly characterized.
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4.2 Double Stop Layer Microvalve
4.2.1 Design
One of the aims of the microvalve is the integration capabilities. Therefore,
it should feature a flat surface and low dead volume. The first design of the
microvalve is shown in Fig. 4.1. The microvalve is composed of a PDMS mem-
brane sandwiched between two PDMS layers, i.e. stop layers. The membrane is
capable of deflecting up and down depending on the pressure applied on the
ports. For example if there is a positive pressure from the inlet to the outlet the
membrane would deflect towards the stop layer near the outlet. If the pressure is
high enough, the microvalve would stop the flow, i.e. closed state, otherwise the
liquid flows out to the outlet through membrane openings. Thus by adjusting
the cavity height, the valve can essentially permit the flow in one direction and
stop in the reverse direction. This can be achieved for example, by small cavity
at the inlet and large cavity at the outlet side of the microvalve. If the inlet
cavity is much smaller compared to the outlet cavity, the device would behave
mostly as NC, provided there is a back pressure. One immediate advantage
of this design is that the microvalve harnesses the sudden pressure increase in
either of the inlet or outlet port of the microvalve and jumps to closed state,
so no free flow is created in this case. This proves to be very useful for drug
delivery purposes as a safety method to mechanical shocks as mentioned in
introduction. Note that this design is neither a completely NC or NO design.
As discussed the two cavity heights define the right behavior of this microvalve.
4.2.2 Fabrication
The fabrication parameters and the schematic illustration are presented in
table 4.1 and Fig. 4.2, respectively. Basically this microvalve is composed of
three PDMS layers: a membrane layer and two stop layers. Fig. 4.2(a) shows the
fabrication process of the two stop layers. SU-8 is patterened on a Si wafer (i)
using standard photolithography which forms the mould for soft lithography.
Then PDMS is poured on this mould and cured (ii). Then the stop layer is
gently peeled oﬀ from the Si wafer (iii). SU-8 thickness is the only diﬀerence
between the two stop layers in both sides of the microvalve as shown in Fig. 4.1.
In contrast to the stop layer which was fabricated using standard soft lithogra-
phy, the membrane layer is formed by doctor blading of a thin layer of PDMS as
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(a) Open state (b) Closed state
Fig. 4.1.The first design of the
microvalve is illustrated in (a)
open and (b) closed state. The
fabricated dimensions are shown
as well. The top cavity height
can be chosen freely to define
the behavior of the microvalve.
(a) Stop layer (b) Membrane (c) Bonding
Fig. 4.2. Schematic diagram of
the process steps for the dou-
ble stop layer microvalve: (a)
SU-8 is patterned (i). PDMS is
poured on the wafer (ii) and sub-
sequently peeled oﬀ (iii). (b)
PDMS is poured (i) and doctor
bladed to form the membrane
and the openings are manually
punched (ii). The layer from
the previous step is bonded to
it (iii). (c) The resulting layer
from (a-b) is aligned to another
layer identical to (a)(i) andbonded
to finalize the fabrication (ii).
illustrated in Fig. 4.2(b). Initially liquid PDMS is poured on a Si wafer (i) using a
doctor-blading equipment. The surface is scanned with a height adjusted blade
2–4 times to define a PDMS height of 250 µm. For more information on this
process refer to Sec. 2.1.1. Immediately after doctor blading PDMS is cured on
a hotplate and the two openings are punched through it using a micro puncher
tool (ii). The doctor blading step yields relatively good thickness uniformity of
about 10 µm–20 µm all over the wafer. Thus, the relatively small surface area
needed for each microvalve features excellent thickness uniformity.
As illustrated in Fig. 4.2(b)(iii), the stop layer is aligned and plasma bonded
to the membrane while it is still on the Si wafer. This bonding step should take
place gently since in case excess pressure is exerted on the stop layer, it collapses
and fills the cavity area. After waiting for 24 h, the whole stack is peeled oﬀ
from the Si wafer and another plasma bonding takes place to form the second
stop layer (Fig. 4.2(c)). The alignment is done manually.
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Table 4.1. Processing parameters for the double stop layer microvalve illustrated in Fig. 4.2
Stop Layer
SU-8 3050
1. Dehydrate 4-inch Si for 15′ @ 325 °C
2. Spin 13′′ @ 300 rpm, 30′′ @ 3000 rpm @ 300 rpms−1 ⇒ 50 µm thickness
3. Prebake 20′ @ 95 °C on hotplate
4. Exposure 230mJ/cm2 using high pass wavelength filter (see Sec. 3.4)
5. Post-Exposure Bake 1′@65 °C, 3′20′′ @ 95 °C, step hotplate
6. CastNusil MED 6010by pouring on mould
7. Cure 2 h @ 70 °C
8. Peel oﬀ Stop layer gently
Membrane
Layer
1. PourNusil MED 6010on 4-in Si
2. Doctor-bladePDMS using 1mm blade height
3. Cure immediately for 2 h @ 70 °C⇒ 215 µm–225 µm
Bonding
1. Plasma air activation membrane & stop layer 24′′@190W @ 0.8mbar
2. Align the two substrates manually
3. Bonding contact the samples for bonding
4.Wait 24 h to assure the bonding
5. Peel oﬀ the stack from the Si wafer
6. Plasma air activation of the stack and 2nd stop layer
7. Alignmanually
8. Bonding contact the samples for bonding
4.2.3 Results
Although the design seemed to be realistic the stiction problem was faced after
the fabrication. It was observed that the membrane always tended to stick to
one of the stop layers. In fact in this microvalve the relatively high stiction
between two PDMS layers was underestimated at the first place and ignored.
For example when the membrane was attaching to one of the stop layers, it
needed a high pressure of generally in the order of 1 bar to be released from
the stop layer. Because this pressure was so high upon release it immediately
traveled to the other stop layer.
In order to have an oﬀ-on transition, the membrane should travel between
the two stops which means that the amount of dead volume is comparable to
the total cavity volume. This problem also limits the use of this microvalve in
applications like micropumps where the volume of displaced liquid per cycle is
strictly limited.
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This experiment – although failed – was a stepping stone towards the next
fabricated microvalves in this thesis. Each and every problem in this design is
addressed in the future versions as discussed in the next sections in this chapter.
4.3 Single Stop Layer Microvalve
Due to the problems of the double stop layer microvalve discussed in Sec. 4.2.3,
another microvalve is designed featuring less dead volume and at the same
time less stiction of the membrane to the stop layer. Due to the fact that this
microvalve only has one stop layer it is referred as single stop layer microvalve.
The term microvalve refers to single stop layer microvalve from this point in
the text.
4.3.1 Design
A schematic diagram of the microvalve is illustrated in Fig. 4.3. This microvalve
is composed of a membrane layer on top of a stop layer or a slab. Themembrane
is only partially bonded to the slab in region A, thus, it is able to release at
region B if there is suﬃcient pressure from the flow. The microvalve stops
the flow in the reverse direction anyhow. In this design, the dead volume is
originating from the amount of liquid which is needed to fill the membrane
bow, shown in Fig. 4.3(b), in order to be released by the distance d1 beyond the
slab opening. This design features a true one way directionality with much less
dead volume compared to the design in Fig. 4.1. Further fabrication steps have
been developed in order to realize this design including the selective bonding
and reduction of stiction of the two PDMS layers. The details are elaborated in
the next section.
4.3.2 Fabrication
The fabrication is separated into three major steps as schematically illustrated
in Fig. 4.4. For the exact parameters the reader is referred to table 4.2.
A. Membrane Fabrication
Fabrication of the membrane (Fig. 4.4(a)) starts by patterning a matrix of micro
structures on a Si wafer. These micro structures are used as a means to decrease
the contact surface area and thus the release pressure of the microvalve (i). Next
60 CHAPTER 4: NORMALLY CLOSED MICROVALVE IN PDMS
(a) Closed state (b) Open state
Fig. 4.3. Schematic diagram of
the single stop layer microvalve is
illustrated. (a) Side and top view
of the microvalve are illustrated in
the closed state. The top view is
shown elliptic only due to size con-
strains. (b) Shows the side view of
the microvalve in the open state.
(a) Membrane (b) Slab (c) Bonding
Fig. 4.4. Schematic diagram of
the fabrication steps for the sin-
gle stop layer microvalve: (a)
SU-8 grooves are patterned (i) and
PDMS is doctor bladed on it (ii).
Membrane is peeled oﬀ, oxidized
(iii) and punched (iv). (b) Thick
PDMS is cast (i), followed by se-
lective surface oxidation (ii). It is
punched to form the slab (iii). (c)
Membrane is selectively surface
activated (i) and is aligned and
bonded to the surface activated
slab layer (ii) to form the the final
structure (iii).
step is pouring PDMS on top of the SU-8mould (ii). PDMS is subsequently cast
over the mould using the doctor blading technique. It is followed by peeling
oﬀ the membrane from the mould. In this way the square SU-8 micro patterns
are transferred to the membrane surface. Then the membrane is oxidized in an
RIE system to form a thin silica-like layer on the surface (iii).
The coeﬃcient of thermal expansion (CTE) of this silica layer is not known
but we believe it lies between that of PDMS and SiO2 which is lower than that
of PDMS. This hypothesis is supported by the fact that, during the cooling
down period, the silica layer buckles. From Fig. 4.5(a), which is taken using an
optical profiler, the height of the buckled structures is approximately 100 nm
while the spatial periodicity is about 2 µm–3 µm. Fig. 4.5(b) shows the SEM
micrograph of the membrane. The buckled silica layer is also completely visible
in the optical microscope image in Fig. 4.5(c). Finally, two holes are punched
into the membrane using a 0.5mmmicro puncher (iv).
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Table 4.2. Processing parameters for the single stop layer microvalve illustrated in Fig. 4.4.
Membrane
SU-8 3010
Moulding
1.Microstructures standard SU-8 lithography, 20 µm × 20 µm squares, 5 µm tall
2. Doctor blade 250 µm thick PDMS and cure @ 70 °C for 3 h on a hotplate
3. Peel OﬀPDMS membrane very gently
4. Oxidizewith air plasma for 20′ @ 180W in 0.8 mbar chamber pressure
5.Wait 72 h for the diﬀusion of surface charges
6. Punch two 0.5mm hole manually using a micro puncher
Slab
1. CastPDMS on a clean 4-inch Si wafer (≈ 2mm thick)
2. Oxidizea negative PET shadow mask: Diameter=4mm, thickness=125 µm
3. Punch 1.2mm hole using a micro puncher
Bonding
1. Surface activation of slab, 0.8 mbar chamber pressure, 24′′ @ 180W air plasma
2. Surface activation of membrane, with 0.4mm positive PET shadow mask, above
parameters
3. Bondingmembrane and slab with manual alignment
aUsing the same parameters of the membrane oxidation
B. Slab Fabrication
Fabrication of the slab is started by casting a 2mm thick PDMS layer on a flat Si
wafer as illustrated in Fig. 4.4(b)(i). Then, the PDMS layer is cured and peeled
oﬀ. The side of the slab, which will come in contact with the membrane, is
selectively oxidized with an air plasma RIE system. The selectivity is obtained by
using a laser-drilled PET hollow disk as a positive shadow mask during plasma
treatment (ii). In this way a circular patterned silica layer is formed on the slab,
which will have low adhesion strength with themicro patternedmembrane. The
parameters of the plasma treatment are the same as the ones used for treating
the membrane. Finally, the inlet is punched using a micro-puncher (iii).
The silica layer on the slab behaves diﬀerently compared to the one on the
membrane. Since the slab is substantially thicker than the membrane, the silica
layer cannot buckle, but instead it cracks as shown in Fig. 4.6. This phenomenon
is also observed and explained in the literature [22]. Fig. 4.6(a) shows an SEM
image of the tilted slab from which the thickness of the silica layer is estimated
to be approximately 1 µm. After the RIE treatment of the membrane and the
slab, it is needed to wait for 72 h to allow the diﬀusion of all generated surface
bonds in the bulk of material. This time has been estimated by monitoring
the variation of the contact angle (CA) of water on the surface. As shown in
table 4.3, PDMS is still completely hydrophilic and surface activated after 24 h.
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(a) Wyko profilometer
(b) SEMmicrograph (c) Optical Microscope
Fig. 4.5.Oxidized surface of the
membrane is analyzedusingdiﬀer-
ent instruments. (a) The black
spots are themicro patterns which
are shown like that in order to get
the maximum resolution on the
top surface. (b) The hazy areas be-
tween the grooves are the wavy
buckled silica layer. The micro
structures depth is also visible in
this image. (c) The buckled silica
layer is visible in the areas connect-
ing the microstructures.
(a) SEMmicrograph (b) Wyko Profilometer
Fig. 4.6. Surface characterization
of the slab is shown using diﬀerent
instruments. (a) Microcracks are
visible on the surface. From this
image the thickness of the silica
layer is approximated to be 1 μm.
(b) Microcracks are also visible in
this image.
The CA gradually increases and after 72 h it reaches 30°, which is the expected
value for the silica layer as reported in Bowden et al. [23].
C. Bonding Membrane to Slab
Last step is bonding of the membrane to the slab (Fig. 4.4(c)). It requires
selective activation of bothmembrane (Fig. 4.4(a)) and slab (Fig. 4.4(b)) surfaces
by air plasma [24]. Selective bonding is realized by using a PET positive shadow
mask during treatment of the membrane as illustrated in Fig. 4.4(c)(i). This
mask is the negative of the one used during the selective oxidation of the slab –
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Time Slab Membrane
24 h ≈ 0° ≈ 0°
48 h 20° 25°
72 h 30° 30°
Table 4.3.Variation of CA of
the membrane and slab over
the time. After 72 h the CA
reaches 30° which is the expected
value for silica like layer. After
24 h the CA of the layer is not
measurable as it is very low.
Fig. 4.4(b)(ii) – in order to prevent the membrane surface activation in region
B. After alignment, membrane and slab are brought in contact to complete the
selective permanent bonding (Fig. 4.4(c)(iii)).
4.3.3 Results
Fig. 4.7 shows a camera image of the fabricatedmicrovalve with the black tubing
on top. In this image the relative dimensions of the microvalve are visible.
Compared to the double stop layer microvalve, the single stop layer microvalve
features less dead volume. In addition, by selective oxidation of PDMS and
creating the micro structures on the membrane the output characteristics of the
microvalve have been improved. To quantify these improvements the following
test scenarios have been proposed:
• Unmodified: no micro patterning of the membrane, no silica formation
on membrane or slab.
• OSP: oxidizing membrane and slab with membrane patterning.
A. Opening Pressure
Opening pressure measurements are summarized in table 4.4. This table also
reports the pressure values for dry, i.e. after first or sporadic use, and wet
microvalves. The opening pressure of the wet microvalve does not change using
the surface modification. However, a reduction of microvalve opening pressure
of more than 50% using modified polymer layers is observed, compared to the
use of non-modified ones. Unless otherwise noted, the term opening pressure
refers to the dry microvalve opening pressure which is the worst case. As for the
repeatability, the opening pressure for 4 dry microvalves have been measured
and averaged. The opening pressure changes in the range of approximately
0.7 kPa. The wet microvalve opening pressure is the same in diﬀerent samples.
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Fig. 4.7.Camera image of the sin-
gle stop layer microvalve is shown
in comparison to a European Euro.
The tubing is on top and the mem-
brane is on the bottom.
Valve Dry microvalve Wet microvalve
Unmodified (7.0 ± 0.1) kPa (1.4 ± 0.2) kPa
OSP (3.4 ± 0.1) kPa (1.4 ± 0.2) kPa
Table 4.4.Valve opening pres-
sure after oxidation of membrane
and slab, and membrane pattern-
ing (OSP).
(a) Oﬀ state (b) On state
Fig. 4.8.Microscope image of the
fabricated microvalve is shown in
(a) OFF and (b) ON state. The flow
of water in the ON state is visible.
The membrane and slab openings
are annotated as well.
Fig. 4.8 shows the microscope image of the microvalve in the closed
(Fig. 4.8(a)) and open state (Fig. 4.8(b)). The images are captured while the
membrane and the tubing are facing up and down, respectively. The membrane
opening and the slab opening under the membrane are visible.
A simple experiment is carried out to test the membrane of the microvalve
under strain. A constant 7 kPa air flow through the valve is applied continuously
for 24 h using an Alicat dual valve pressure controller device (see appendix D).
In addition themicrovalve is put in water to approximate the working condition
better. In the first 9 h, every three hours, themicrovalve is dried and the opening
pressure is measured. In the remaining 15 h, the microvalve is left in water
and the last measurement is performed at the end of the 24 h . The opening
pressure, 3.4 kPa, has not changed during the test, thus proving the microvalve
reliability in this time window.
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B. Leakage
The low opening pressure for the OSP valve makes it suitable to be stacked for
example in a piezoelectric pump assembly where the piezo actuator can provide
approximately 20 kPa. This pressure suﬃciently overcomes the blood back
pressure in in vivo applications. Tomeasure themaximum reverse pressure that
the microvalve can stand in the closed state, the experimental setup shown in
Fig. 4.9 is used. In this setup, themembrane cap is fabricated by soft-lithography
process – similar to Fig. 4.4(a)(ii)) – followed by punching a hole in the middle
and connecting a tube where a manual syringe is plugged in. Backward flow is
prevented by the membrane to reverse pressures at least up to 0.6MPa, which
was the maximum pressure that could be applied manually by a syringe.
In order to measure the leakage of the microvalve in the forward direction,
a column of water is placed at the inlet using a vertical tube. The height of
the tube is chosen high enough to produce a higher pressure than the opening
pressure of the microvalve. As the microvalve is open, the height of the column
decreases. Experimentally it is found out that the column height where the flow
stops is equivalent to 0.45 kPa and the leakage up to that pressure is roughly
3 µlmin−1.
C. Flow Rate
The flow rate in the forward direction for the OSP valve is shown in Fig. 4.10.
Apart from the membrane thickness and membrane opening size, the flow
rate also depends on various practical or experimental factors such as tube
diameters, valve outlet design, PDMS surface properties, inlet diameter and ts .
1.3ml of DI water is pumped through the valve and the flow rate is calculated
by measuring the time needed to drain the liquid from a 3.18mm diameter
PDMS tubing. The diameter of the tubing is large enough not to aﬀect the flow
rate of the microvalve. Tests have been repeated four times at each pressure.
The flow rate features an exponential profile Q = 0.09e0.68P (square of the
correlation coeﬃcient R2 = 0.96) where P is the applied pressure in kPa and
Q is the measured flow rate in mlmin−1. More details about the measurement
setup is provided in appendix D.
Finally a general trend of themicrovalve flow rate for dry andwetmicrovalves
is shown in Fig. 4.11. The dry microvalve opens at 3.4 kPa and follows the blue
curve for the values of flow rate according to the inlet pressure. However,
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Fig. 4.9. Schematic diagram of
the maximum back pressure mea-
surement setup: Pressure is ap-
plied from the top and the mi-
crovalve is operating in the OFF
state.
Fig. 4.10. Flow rate of the mi-
crovalve is shown with respect to
inlet pressure. The flow rate shows
an exponential profile. Note that
the y axis is in logarithmic scale.
See Fig. D.2 for other practical
setup parameters.
after opening the microvalve if the pressure gradually decreases, the microvalve
closes at 0.45 kPa as discussed in Sec. 4.3.3.B.The flow rate between the opening
pressure and final closing pressure is shown by dashed line. If the inlet pressure
increases again, the microvalve makes the OFF/ON transition at the pressure
range of 1.4 kPa–3.4 kPa based on the principle whether or not the microvalve
is dry as discussed in Sec. 4.3.3.A (shown by red dashed line). Therefore, 3.4 kPa
is the opening pressure in the worst case. Please note that due to low flow rate
for pressures smaller than the opening pressure, the flow measurement is not
accurate and it is shown by dashed line in this graph.
D. Membrane Deflection
The maximum deflection of the membrane is a key parameter in case the
microvalve is used in a stacked device. We believe the maximum deflection is
less than 200 µm although this cannot be verified experimentally. An analytical
formula is used to have an estimation on this parameter. Assuming the pressure
is uniformly distributed along the membrane up to the openings with the
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Fig. 4.11.General trend of the
microvalve flow rate for the OSP
case is illustrated. The curve illus-
trates the flow rate of the dry and
wet microvalves at low pressures.
Dry and wet microvalves open at
3.4 kPa and 1.4 kPa, respectively.
Microvalve closes at 0.45 kPa.
diameter dm + 2d1 in Fig. 4.3(a), an analytical expression for the deflection at a
radial distance r from the center of the membrane, can be used [25]:
w(r) =
P
64D
󰛂󰕾(rm + d1)
2 − r2󰖂
2
+
4t 2m
1 − ν
󰕾(rm + d1)
2 − r2󰖂󰛃 (4.1)
and D =
E t 3m
12(1 − ν2)
where w is the deflection, rm is dm/2, P is the pressure,D is the flexural rigidity,
E is the Young modulus, and ν is the Poisson ratio. ν can be considered 0.5
with very good approximation [26]. The E value for the type of PDMS which is
used in this work is experimentally found and is equal to 1.4MPa . For more
information on the measurement of modulus of elasticity of silicone refer to
appendix A. The maximum deflection,Wmax is obtained by putting r = 0 in
Equ. (4.1):
Wmax =
P
64D
󰛂(rm + d1)
4 +
4 t 2m (rm + d1)
2
1 − ν
󰛃 (4.2)
The resultingWmax with respect to applied inlet pressure is shown in Fig. 4.12.
Note that Equ. (4.2) is valid only in the closed state. At the onset of transition
from the closed to open state, since the liquid is pushed out from the openings
the pressure drops and the deflection decreases. Therefore, for the practical pres-
sure range, the illustrated graph is an indication for the maximummembrane
deflection.
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Fig. 4.12.Maximum deflection
of the microvalve is calculated ac-
cording to Equ. (4.2).
4.3.4 Tether Microvalve
The evolution process of the microvalve does not yet stop. Still by reducing the
contact surface of the membrane with slab, the release pressure can be reduced.
A. Design
The idea to reduce the contact surface is depicted in Fig. 4.13. In Fig. 4.13(a)
the top view of the membrane in the previous microvalve is illustrated. The
dashed red circle shows the slab opening below the membrane from which the
membrane would be released. The two membrane openings are also illustrated.
In the new design which is called the tether valve design the openings are
designed much bigger, thus limiting the total contact surface. The overlap is
made by lithography in a controllable way, thus reducing the total surface in
contact compared to the previous version of the microvalve. In this new design
if the membrane is released from the slab, the liquid flows out considerably
easier compared to the previous design.
B. Fabrication
Themain challenge in this design is the fabrication process since the openings
cannot be punched any more. In this thesis, a method has been developed to
fabricate through-hole PDMS membranes (see Sec. 2.2). It relies on the hot
embossing of a PDMS layer using an SU-8 mould. Fig. 4.14 shows the stack
which is used in the hot embossing machine. SU-8 moulds are fabricated as
discussed in Sec. 4.3.2, and the PDMS is poured on it and is degassed. Then
a transparency PET layer is placed on top and the whole design is put into
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(a) Single stop valve (b) Tether valve
Fig. 4.13. Schematic diagram of
the tether microvalve: (a) The pre-
vious design of the single stop
layer microvalve is shown for
comparison to tether valve. (b)
Shows the tether valve schematic.
The overlap is reduced compared
to single stop layer microvalve,
thus easier release from the slab.
Fig. 4.14.The press stack to fab-
ricate through holes in PDMS is
schematically illustrated. PDMS
is poured on SU-8/Si mould and a
PET transparency sheet is placed
on top. The whole stack is sand-
witched in teflon foil in order
not to contaminate the machine.
the press. Thin teflon sheets are also used to protect the press from PDMS
contamination. The pressure is gradually increased to 1 bar and after 30min
the plates are heated to 60 °C. By removing the PET, PDMS can be peeled oﬀ
the wafer and virtually no residue is left in the openings. Sometimes a very thin
layer of silicone residue remains on top of SU-8 after removing the membrane.
The other fabrication steps are exactly as mentioned in Sec. 4.3.2, except the
final alignment that should be done under a mask aligner since the overlap is
less compared to the single stop layer microvalve. Fig. 4.15 shows a camera
image of the fabricated tether valve. In Fig. 4.15(a) the valve is shown and in
Fig. 4.15(b) the membrane image is captured against a dark background for a
better contrast. The long tubing and the tip of the marker are used in order to
give a better perception of the size.
C. Opening Pressure
Table 4.5 shows the opening pressuremeasurement for the unmodified andOSP
versions of this microvalve. Comparing these results with the opening pressure
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(a) Tether valve (b) Tether valve membrane
Fig. 4.15. (a) Camera image of
the tether microvalve is illustrated.
The microvalve is put near the tip
of a marker to give a general per-
ception of the size. (b) A camera
image of the membrane against a
dark background is provided as
well.
Valve Type Opening Pressure (kPa)
Unmodified 2 ± 0.1
OSP 0.3 ± 0.2
Table 4.5. Tether valve opening
pressure for unmodified and OSP
versions. The overlap is designed
300 μm.
of the single stop valve in table 4.4, it can be seen that this microvalve reduces
the release pressure. The speed of the microvalve is not measured explicitly, but
it is expected to be higher compared to previous version since a smaller PDMS
surface of the membrane needs to be released.
4.4 Pneumatic Passive Microvalve
Another type of microvalve which was fabricated in this dissertation was a
normally open (NO) pneumatically actuated microvalve. In this dissertation
we are mainly working on normally closed microvalves . Nevertheless for some
in vitro applications like lab-on-chip, NO microvalves are widely used. For the
sake of versatility of the biocompatible platform, this type ofmicrovalve was also
developed. The schematic diagram of this valve is illustrated in Fig. 4.16. This
microvalve is composed of three silicone layers: control layer, thin membrane,
and microfluidic layer. The thin membrane is about 43 µm in thickness. The
complete process flow for the fabrication of this microvalve is summarized in
table 4.6.
Control and microfluidic layer thicknesses are chosen to be 50 µm. The soft
lithography is done on thin transparent PI foils in order to allow the layers
to be transported and aligned. The half curing step highlighted in table 4.6
results into a layer thickness of few hundred micro meters. Other methods
like doctor blading can also be used for this purpose. Fig. 4.17(b) shows a
microscope image of the microvalve without applying any pressure. Since the
microvalve is NO, having no pressure results in an open microfluidic channel.
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(a) Microvalve is open
(b) Microvalve is closed (activated)
Fig. 4.16. Schematic diagram of
a normally open pneumatic mi-
crovalve is illustrated. (a) The mi-
crovalve is composed of three sil-
icone layers: control layer, mem-
brane and microfluidic layer. The
whole microvalve can be bonded
to a rigid carrier. (b) By ap-
plying pressure at the control
layer, the membrane deflects
and closes the microfluidic path.
(a) Open State (b) Closed State
Fig. 4.17.Microscope image of
the pneumatic NO microvalve is
shown in (a) open and (b) closed
state. The microfluidic channel
is under the control layer and
filled with green dyed DI wa-
ter. In (b) the control layer is
under 1 bar pressure and it has
closed the microchannel. The
microchannel is 200 μm wide.
The microchannel is filled with green dyed DI water. In Fig. 4.17(b) 1 bar
pressure is applied into the control layer. This pressure deflects the membrane
and closes the microfluidic path as is illustrated in Fig. 4.16(b).
As can be seen from the microscope images of Fig. 4.17, the control layer is
designed bigger than the microfluidic layer in order to achieve a better closing.
Note that since the thin silicone membrane is very compliant it can almost
close the microchannel path. Nevertheless because of the sharp edges in the
microchannel, there would be a leakage in this type of microvalve. It is recom-
mended to have rounded edges in themicrochannel layer to achieve a better seal
by the membrane. To fabricate rounded edges, photo sensitive thick polymers
other than SU-8 should be used. Even lower membrane thicknesses can be
achieved by spinning at higher speeds or longer duration (see table 2.1). Pneu-
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Table 4.6. Processing parameters for the pneumatic microvalve illustrated in Fig. 4.16.
µ-Fluidic &
Control
Layer
SU-8 3050
1. Dehydrate 4-inch Si for 15′ @ 325 °C
2. Spin 13′′ @ 300 rpm, 30′′ @ 3000 rpm @ 300 rpms−1 ⇒ 50 µm
3. Prebake 20′ @ 95 °C on hotplate
4. Exposure 230mJ/cm2 using high pass wavelength filter (see Sec. 3.4
) 5. Post-Exposure Bake 1′@65 °C, 3′20′′ @ 95 °C, step hotplate
Soft
Litho-
graphy
1. SpinNusil MED 6010 on thin PI foil, 30′′ @ 750 rpm⇒≈ 300 µm
2. Half-cure silicone for 20′ @ 60 °C
3. Spin silicone using the same parameters on master mold
4. Press the half cured silicone on foil on top the master mold using 100 kg weight
5. Cure at RT over night
6. Peel oﬀ silicone from the master mold
Thin
Membrane
1. SpinNusil MED 6010, 15′′ @ 500 rpm, 48′′ @ 4000 rpm on glass⇒≈ 44 µm
2. Cure silicone for 15′ @ 90 °C on a hotplate
Bonding
1. Punch 2mm holes in the microfluidic layer
2. Bondmicrofluidic layer to membrane in plasma: 24′′ air plasma, 190W in 0.8mbar
chamber pressure
3. Punch 2mm holes in the control layer
4. Align and Bond control layer to stack, 24′′ air plasma, 190W,0.8mbar chamber pressure
matic microvalves with 10 µm silicone membranes have also been successfully
fabricated.
4.5 Conclusion
During the course of this research several types of microvalves have been de-
signed and fabricated. The goal has always been to use biocompatible polymers.
The pneumatic micro valve which was discussed in Sec. 4.4 can be used for
in vitro or lab-on-chip applications. Given a high pressure source available,
this simple design can work reliably to direct liquid in microchannels. There
are situations where having a high pressure source is not feasible, e.g. in vitro
applications or integrated microvalves in micropumps. In this condition a
stand alone microvalve is needed. The single stop layer microvalve presented
in Sec. 4.3 is designed and fabricated specifically for these situations. In both
microvalves the only material used is biocompatible silicone. It serves twomain
purposes for the stretchable platform: biocompatibility and stacking capabili-
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ties using plasma bonding. The latter is very useful for the integration of the
microvalve in other designs, e.g. micropumps.
4.6 References
1. P. Abgrall and A.-M. Gué, “Lab-on-chip technologies: making a microfluidic net-
work and coupling it into a complete microsystem—a review”, Journal of Mi-
cromechanics and Microengineering, vol. 17, no. 5, R15, 2007. [Online] (cited on
p. 54).
2. A. Nisar, N. Afzulpurkar, B. Mahaisavariya, and A. Tuantranont, “Mems-based
micropumps in drug delivery and biomedical applications”, Sensors and Actuators
B: Chemical, vol. 130, no. 2, pp. 917–942, 2008. [Online] (cited on p. 54).
3. D. J. Laser and J. G. Santiago, “A review of micropumps”, Journal of Micromechanics
and Microengineering, vol. 14, no. 6, pp. 35–64, 2004. [Online] (cited on p. 54).
4. F. Amirouche, Y. Zhou, and T. Johnson, “Current micropump technologies and
their biomedical applications”, Microsystem Technologies, vol. 15, no. 5, pp. 647–666,
2009. [Online] (cited on p. 54).
5. K. W. Oh and C. H. Ahn, “A review of microvalves”, Journal of Micromechanics and
Microengineering, vol. 16, no. 5, R13, 2006. [Online] (cited on p. 54).
6. A. Evans, J. Park, S. Chiravuri, and Y. Gianchandani, “A low power, microvalve
regulated architecture for drug delivery systems”, Biomedical Microdevices, vol. 12,
no. 1, pp. 159–168, 2010. [Online] (cited on p. 54).
7. H. van Lintel, F. van De Pol, and S. Bouwstra, “A piezoelectric micropump based
on micromachining of silicon”, Sensors and Actuators, vol. 15, no. 2, pp. 153–167,
1988. [Online] (cited on p. 54).
8. D. Snakenborg, H. Klank, and J. Kutter, “Polymer microvalve with pre-stressed
membranes for tunable flow–pressure characteristics”, Microfluidics and Nanoflu-
idics, vol. 10, no. 2, pp. 381–388, 2011. [Online] (cited on pp. 54, 55).
9. A. Fadl, S. Demming, Z. Zhang, S. Büttgenbach, M. Krafczyk, et al., “A multifunc-
tion and bidirectional valve-less rectification micropump based on bifurcation
geometry”, Microfluidics and Nanofluidics, vol. 9, no. 2, pp. 267–280, 2010. [Online]
(cited on p. 54).
10. T. S. Hansen, K. West, O. Hassager, and N. B. Larsen, “An all-polymer microp-
ump based on the conductive polymer poly(3, 4-ethylenedioxythiophene) and a
polyurethane channel system”, Journal of Micromechanics and Microengineering,
vol. 17, no. 5, p. 860, 2007. [Online] (cited on p. 54).
11. D. Kim and D. J. Beebe, “A bi-polymer micro one-way valve”, Sensors and Actuators
A: Physical, vol. 136, no. 1, pp. 426–433, 2007. [Online] (cited on p. 54).
12. T. Pan, S. J. McDonald, E. M. Kai, and B. Ziaie, “A magnetically driven pdms mi-
cropump with ball check-valves”, Journal of Micromechanics and Microengineering,
vol. 15, no. 5, p. 1021, 2005. [Online] (cited on p. 54).
74 CHAPTER 4: NORMALLY CLOSED MICROVALVE IN PDMS
13. N.-T. Nguyen, T.-Q. Truong, K.-K. Wong, S.-S. Ho, and C. L.-N. Low, “Micro check
valves for integration into polymeric microfluidic devices”, Journal of Microme-
chanics and Microengineering, vol. 14, no. 1, p. 69, 2004. [Online] (cited on p. 54).
14. P. Shao, Z. Rummler, and W. K. Schomburg, “Polymer micro piezo valve with a
small dead volume”, Journal of Micromechanics and Microengineering, vol. 14, no.
2, p. 305, 2004. [Online] (cited on p. 54).
15. G.-H. Feng and E. S. Kim, “Micropump based on pzt unimorph and one-way
parylene valves”, Journal of Micromechanics and Microengineering, vol. 14, no. 4,
p. 429, 2004. [Online] (cited on p. 54).
16. N. L. Jeon, D. T. Chiu, C. J. Wargo, H. Wu, I. S. Choi, et al., “Microfluidics section:
design and fabrication of integrated passive valves and pumps for flexible polymer
3-dimensional microfluidic systems”, Biomedical Microdevices, vol. 4, no. 2, pp. 117–
121, 2002. [Online] (cited on pp. 54, 55).
17. S. Chung, J. K. Kim, K. C. Wang, D.-C. Han, and J.-K. Chang, “Development of
mems-based cerebrospinal fluid shunt system”, Biomedical Microdevices, vol. 5, no.
4, pp. 311–321, 2003. [Online] (cited on p. 54).
18. P. Kim, K. W. Kwon, M. C. Park, S. H. Lee, S. M. Kim, et al., “Soft lithography for
microfluidics: a review”, BIOCHIP Journal, vol. 2, no. 1, 1–11, 2008. [Online] (cited
on p. 54).
19. B. Bhushan and Z. Burton, “Adhesion and friction properties of polymers in mi-
crofluidic devices”, Nanotechnology, vol. 16, no. 4, p. 467, 2005. [Online] (cited on
p. 55).
20. B. Mosadegh, H. Tavana, S. C. Lesher-Perez, and S. Takayama, “High-density
fabrication of normally closed microfluidic valves by patterned deactivation of
oxidized polydimethylsiloxane”, LabChip, vol. 11, no. 4, pp. 738–742, 2011. [Online]
(cited on p. 55).
21. J. Han, B. Flachsbart, R. I. Masel, andM. A. Shannon, “Micro-fabricated membrane
gas valves with a non-stiction coating deposited by c 4 f 8 ar plasma”, Journal of
Micromechanics and Microengineering, vol. 18, no. 9, p. 095 015, 2008. [Online]
(cited on p. 55).
22. S. Béfahy, P. Lipnik, T. Pardoen, C. Nascimento, B. Patris, et al., “Thickness and
elastic modulus of plasma treated pdms silica-like surface layer”, Langmuir, vol. 26,
no. 5, pp. 3372–3375, 2010. [Online] (cited on p. 61).
23. N. Bowden, W. T. S. Huck, K. E. Paul, and G. M. Whitesides, “The controlled
formation of ordered, sinusoidal structures by plasma oxidation of an elastomeric
polymer”, Applied Physics Letters, vol. 75, no. 17, pp. 2557–2559, 1999. [Online]
(cited on p. 62).
24. R. Morent, N. D. Geyter, F. Axisa, N. D. Smet, L. Gengembre, et al., “Adhesion
enhancement by a dielectric barrier discharge of pdms used for flexible and stretch-
able electronics”, Journal of Physics D: Applied Physics, vol. 40, no. 23, p. 7392, 2007.
[Online] (cited on p. 62).
25. S. Timoshenko and S. Woinowsky-Krieger, Theory of plates and shells, ser. Engi-
neering societies monographs. McGraw-Hill, 1959. [Online] (cited on p. 67).
4.6. REFERENCES 75
26. D. Armani, C. Liu, and N. Aluru, “Re-configurable fluid circuits by pdms elastomer
micromachining”, inMicro Electro Mechanical Systems, 1999. MEMS ’99. Twelfth
IEEE International Conference on, 1999, pp. 222–227. [Online] (cited on p. 67).
Your task is not to seek for love, but merely to seek
and ﬁnd all the barriers within yourself that you
have built against it.
Rumi (Muhammad Jalal ud Din Balkhi)

5
Stretchable Electronics
Value of a man depends upon his courage; his
veracity depends upon his self-respect and his
chastity depends upon his sense of honour.
Generosity is to help a deserving person without
his request, and if you help him after his request,
then it is either out of self-respect or to avoid
rebuke.
Ali ibn Abitalib
OUTLINE OF THIS CHAPTER
In this chapter the contribution of this thesis in the ﬁeld of stretchable
electronics is presented. It starts with a detailed literature survey
situating the work done compared to existing literature. Then the
fabrication process of stretchable meanders is discussed. It continues
with thorough fatigue cycling reliability characterization of the mean-
ders. Finally using the developed technology an array of stretchable
LEDs is shown as a demonstrator.
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5.1 Introduction and Literature
Survey
Stretchable and curvilinear electronic devices have evolved from the fancy imag-
ination to practical applications in recent years. They have emerged in various
fields of interest and have proved to be very successful [1–4]. Applications span
from stretchable PZT ribbons for energy harvesting [5], solar cells [6], batteries
[7], antennas [8, 9], light emitting diodes [10], organic electronics [3], to even
transistors [11–13]. Besides pure electronics applications, there is a broad use
in the medical field, where the most notable examples are stretchable micro
electrodes [14] and capacitive sensors for artificial skins [15, 16]. Some applica-
tions of stretchable electronics were illustrated in the introduction chapter (see
Sec. 1.3).
One of the main challenges in stretchable electronics is the fabrication of
stretchable electrical interconnects optimizing their maximum elongation, re-
sistance, size/pitch and the crucial cycling fatigue reliability. In literature, two
major trends have been pursued to realize stretchable interconnects: CNT ar-
rays [10, 11, 17–20] or metals [21–27]. In both methods, stretchable conductor
tracks are fabricated and eventually embedded in or bonded to elastomers, most
prominently PDMS. CNT stretchable interconnects generally permit higher
elongations (> 50%) compared to metal based versions, but they suﬀer intrin-
sically from higher track resistance. Furthermore, in terms of reliability, metal
interconnects outperform their CNT counterparts. Thin film Au [22, 23, 26,
28], Cu [21] or Al [24] are the most frequently used electrical conductors in
metal interconnects. Polyimide (PI) supported Au tracks have reached 90 k (k is
103) cycles of 67% elongation before failure, although the design pitch is in the
millimeter scale and the scaling influence is not discussed [22]. In our research
group, thin film meander shaped Au layer sandwiched in wider spin-on PI,
have resulted in a cyclic stretching reliability of 37 k cycles at 40% elongation
[29]. The PI support consists of a stack of one or more PI layers, obtained indi-
vidually by subsequent spinning and curing of a liquid PI precursor at relatively
high 350 °C temperature. Recently, despite the complexity in fabrication, gold
neutral nano particles aerodynamically accelerated and implanted in PDMS
has proved to withstand 100 k cycles at 40% elongation [30]. Apart from the
few reported works, most papers either indicate no value for cyclic stretching
reliability or the figures are less than 10 k cycles. If biocompatibility is added
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as an additional requirement, there is plenty of room for improvement in the
state of the art for this technology.
In this thesis a new and economical method for the fabrication of highly reli-
able stretchable interconnects is introduced. The interconnects are embedded
in biocompatible elastomers (> 100 k cycles at 40% elongation). Then electrical
circuitry will be integrated in this platform. The stretchable interconnects can
be composed of single conducting tracks (ST) or multiple conducting tracks
(MT) which are placed parallel to each other. The performance of the fabricated
interconnects should be evaluated in combination with the electrical circuitry
for the ST and fine pitch MT interconnects designs. We have also reported that
the narrowMT design improves the reliability in medium elongations (< 30%)
while maintaining a low overall electrical resistance [25].
In the following sections the fabrication of the stretchable meanders is ex-
plained in detail. Then the application of this stretchable platform is described
in the context of stretchable electronics by embedding an array of LEDs. The
LED array is just a prototype showing the feasibility of integration of electrical
circuitry in the biocompatible stretchable platform.
5.2 Fabrication
Fig. 5.1 illustrates a sequential schematic diagram of the fabrication process.
The fabrication parameters are summarized in table 5.1. The starting substrate
is a commercial double sided flex consisting of a 12 µm thick Kapton PI sheet
sandwiched between 18 µm thick Cu sheets. The use of PI commercial foils has
the advantage over spin-on PI that it avoids spinning and curing of multiple PI
precursor layers, as well as the need for a temporary substrate. The proposed
technique eliminates several steps required to align and pattern multiple PI
layers and release from or removal of the temporary substrate [22, 29]. The
fabrication initially starts by spray etching one of the Cu sheets while protecting
the other layer by an adhesive tape (ii). Thin layers of TiW and Au are sputter
coated on the PI sheet (iii). TiW serves as an intermediate layer because of
its excellent adhesion to Au and PI. The fabrication continues by standard
photo-lithography patterning and wet etching of TiW/Au which results in
horseshoe meander shapes (iv). The next step is dry etching of the PI while Au
serves as the hard mask in an RIE system(v). At this stage, electrical wires can
be glued to the pads using a conductive glue. This step is not shown in Fig. 5.1.
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Fig. 5.1.The schematic diagram
of the total fabrication steps. The
fabrication parameters are sum-
marized in table 5.1. (i) The start-
ing substrate is 12 µm PI sand-
wiched between 18 µmCu. (ii)The
top Cu layer is spray etched while
protecting the back side with tape.
(iii) 50/200 nm of TiW/Au is sput-
ter coated on PI. (iv) Meanders are
patterned in TiW/Au using photo-
lithography wet etching. (v) PI is
etched away in RIE using Au as the
hard mask. (vi) First side is cast
in PDMS. (vii) Cu is spray etched.
(viii) Second side is cast in PDMS.
Then, the top side of the sample is embedded by casting PDMS in a PMMA
mold, followed by overnight curing in an air convection oven at 60 °C (vi). After
curing the first PDMS layer the Cu foil is wet etched and stripped (vii). The
significant point at this step is protecting all electrical connections including
pads and wires in the Cu etching solution using the cured PDMS. Last step is
casting the second side in PDMS likewise (viii).
5.3 Results and Discussions
Fig. 5.2 shows the camera image of the fabricated stretchablemeanders. It shows
five stretchable tracks that are fabricated next to each other and embedded
in PDMS. The wires are attached by conductive glue to the 0.5mm square
pads. The PDMS layer on the pad region is designed to be thicker in order
to achieve proper clamping in the cycling machine. Au has been selected as
the metal interconnect because of its excellent biocompatibility as discussed in
Sec. 1.2.1. Hsu et al. [31] reported that supporting a metal interconnect with a
low elastic modulus material can increase the fatigue strength with a factor up
to approximately 470. Thus, in order to increase the reliability, interconnects
are supported by a PI layer. The design parameters of the stretchable meanders
that are formed in a horseshoe shape are illustrated in Fig. 5.3.
As reported previously [21], track width (w), form factor (referred by Fx,
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Table 5.1. Fabrication parameters for the stretchable meanders illustrated in Fig. 5.1.
Substrate
Prepar-ation
1. Tape one side of the flex: Pyralux AP 7412
2. Spray-etchCu in CuCl2 solution @ 35 °C ≈ 13 passes
3. Sputter 50 nm TiW, 200 nm Au
Litho-graphy
1. Spin S1818 @ 4000 rpm with maximum ramping⇒ 2 µm thickness
2. Pre-bake 2′ @ 90 °C on a hotplate
3. Exposure 70mJ/cm2
4. Hard bake 30′ @ 120 °C in a convection oven
Etching
1.Wet etchAu in KI:I2 @ RT, TiW in H2O2 @ 50 °C
2. Strip S1818 in acetone
3. Dry etchPI: 0.2 µm/min @ 15 sccm O2, 5 sccm CHF3, 150W, 0.2mbar
PDMS
Casting
1. Gluewires using CE 3103 Emerson and Cumming conductive glue
2. Cure the conductive glue in a nitrogen flushed oven @ 120 °C
3. CastNusil MED 6010in PMMAmould
4. Cure overnight @ 60 °C
5. StripCu in CuCl2 @ RT
6. CastNusil MED 6010in PMMAmould
7. Cure overnight @ 60 °C
Fig. 5.2.Camera image of the
stretchable meanders. Each
sample is composed of multi-
ple tracks which are connected
to two ending pads. The
pads are connected to exter-
nal wires with conductive glue
where x is the inner radius (r) divided by w) and the horse shoe angle (referred
by Hθ, where θ is the real angle) are the major design parameters for stretchable
meanders. The sample with initial length L0 = 33mm is clamped in the
cycling instrument as shown in Fig. 5.4 and elongated to the final length L1
at 20% s−1 elongation rate with an Instron R-5543 machine. The machine is
capable of providing elongations with precise ramping rate while measuring
the force and resistance . Using a resistance divider network on a breadboard,
the resistance of each track is converted to an analog voltage and is fed to a
National Instruments NI DAQPad 6016 board. The voltages are recorded by a
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(a) Horseshoe
shape
(b) ST meanders (c) MTmeanders
Fig. 5.3. (a) Designing parame-
ters for the horseshoe meanders
are illustrated. (b) A microscope
picture of ST stretchablemeanders
is shown. (c) A microscope pic-
ture of MT stretchable meanders
is shown. Image is taken using po-
larizer filter.
(a) Normal length (b) ≈ 40% strain
Fig. 5.4.Camera image of the
stretchable meanders clamped in
the cycling machine. (a) The sam-
ple is at normal length at rest . (b)
The sample is stretched approxi-
mately 40%.
PC using a custom written script in Python programming language [32, 33].
More information is provided in appendix C. The strain in this work is defined
as the engineering strain: (in %) = (L1 − L0)/L0 × 100.
As illustrated in Fig. 5.5, ST (w =100 µm, F3 (meaning r =300 µm), H45) did
not break even at 40% elongation after 100 k cycles. The actual resistance value
of the ST tracks shown in Fig. 5.3(b), with respect to the number of cycles is
illustrated in Fig. 5.5. In general, the tracks present an increasing resistance
relative to the number of cycles and ε. Resistance variation in stretchable
interconnects has been reported in the literature as well [30, 34, 35]; however,
the provided principles are not applicable in this thesis. In fact, in this work, the
resistance variation is heavily dependent on the horseshoe design parameters
and it is believed to bemainly influenced by relative stresses in the tracks, which
are determined to a large extent by w and F. To decrease the stresses, w and
F should be decreased and increased, respectively, and narrow MT meanders
can be fabricated to compensate for the increased ohmic resistance due to the
use of narrower tracks. In MT designs, d (distance between two neighboring
meanders) and H aﬀect the reliability [25] . MT (w = d =20 µm, H0, F5 and
F10) meanders have been fabricated as a proof of concept. Each MT design
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Fig. 5.5.Resistance variation
of stretchable meanders is mea-
sured and illustrated with re-
spect to number of cycles.
Fig. 5.6.Resistance varia-
tion of stretchable meanders
is measured and illustrated
with respect to elongation (ε)
is composed of 4 parallel conductors that are connected at their end points
forming parallel resistance (see Fig. 5.2). As can be seen from Fig. 5.6, the
resistance does not change over the cycling interval compared to relatively large
variation in ST (w= 100 µm, F3, H45). Theoretically, H45 outperforms H0 in
terms of reliability for larger elongations (> 40%) but for the sake of design
compactness, H0 or H(−30) is preferred, especially at lower ε [21, 25].
Fig. 5.7 shows SEM images of the fabricated meanders while they are still on
a flexible substrate. Fig. 5.7(a) shows patterned MT (w = d =20 µm, F10, H0)
meanders on the Cu substrate after PI dry etching. The rough porous Au layer
is visible in this image. As the meanders are cycled, micro cracks are assumed
to be initiated and propagated in the tracks, thus raising the total resistance
over cycling lifetime. This eﬀect is more pronounced in wider tracks with
lower value of the design parameter F since in such meanders the maximum
stress is higher than in narrower meanders [26]. This hypothesis cannot be
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(a) 0° tilted SEM image
(b) 45° tilted SEM image
Fig. 5.7. SEMmicrographs of the
stretchable meanders are shown.
(a) The surface of Au is clearly vis-
ible from the image on the right.
Au surface is not uniform, which is
due to the rough Cu foil substrate
as can be observed from this im-
age. (b) From this tilted image the
relatively thick PI layer is visible.
PI underetch in the dry etching
step can also be seen.
verified experimentally since the tracks are embedded in PDMS and neither
electron nor suﬃcient resolution optical microscopy is possible. However,
similar behavior with single side embedded Cu meanders is reported [31]. This
phenomenon caused no overall failure of the track. Fig. 5.7(b) illustrates MT
(w = d =20 µm, F45, H0) meanders. The rough surface of the Cu foil and the
12 µm thick PI layer are visible in this image. It can be noticed that the Au
track underetch is reasonably low. A width of 20 µm is the narrowest track that
has been successfully fabricated using this technology, therefore showing its
miniaturization capabilities.
5.4 Electrical Circuitry Integration -
Demonstration
In the presented method for the fabrication of stretchable interconnects, the
meanders can be designed to meet certain requirements such as total size,
elongation and ohmic resistance in specific applications. This technological
platform can best be employed in implantation systems, in vivo and in vitro
drug delivery, and current μ-TAS applications where biocompatible stretchable
interconnects are desired to comfortably connect electrical chip components
to the human body.
As a proof of concept for the integration of electrical chips or circuits, an array
of LEDs is integrated in the presented stretchable platform. The fabrication
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process is described and the data regarding the stretching results is provided in
the following sections.
5.4.1 Fabrication
The complete fabrication process is schematically illustrated in Fig. 5.8. Since
the fabrication process is very similar to the fabrication steps of the stretch-
able interconnects, the reader is referred to table 5.1 for exact parameters. For
illustration purposes in contrast to the fabrication process of stretchable inter-
connects in Fig. 5.1, Fig. 5.8 shows the side view of the fabrication process for
the stretchable LEDs.
The diﬀerence in fabrication starts from step vii in Fig. 5.8, where following
the PI etching, LEDs should be mounted on the designated pads using the
conductive glue. The LEDs are purchased from Farnell and have the standard
0805 surface mount footprint. At this stage, the external wires are also attached
to the terminal pads using the same conductive glue. The fabrication then
continues the same as the stretchable interconnects by curing the conductive
glue and double sided casting of the substrate in PDMS.
5.4.2 Results and Characterization
In each sample an array of 4× 5 LEDs is fabricated as illustrated schematically
in Fig. 5.9. As can be seen, all the LEDs are electrically connected in parallel
in a way to be powered from only two terminals on the opposite ends of the
sample. In order to investigate the performance of ST and narrow MT designs
for interconnecting the active areas in a stretchable environment, both MT and
ST stretchable LED arrays are fabricated.
A. MT (w = 30 μm, d = 30 μm, F10)
According to the discussion in the stretchable interconnect part, when there
are only meander shaped tracks in the stretchable environment, the failure
mechanism is governed by the crack propagation in individual tracks. By
lowering the width, the overall stress is minimized, thus reducing the crack
propagation rate.
However by integrating the LEDs as the active area in the stretchable envi-
ronment, the mechanism of failure changes from crack propagation to failure
at the rigid-flexible boundary interface. In this case, the 2mm × 4mm region
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Fig. 5.8. Schematic diagram of
the fabrication process for the
stretchable array of LEDs. (i-iii)
Exactly as described in Fig. 5.1.
(iv) LED pads and stretchable
tracks are patterned using stan-
dard photo-lithography and wet
etching. (v) PI is dry etched in RIE.
(vi) LEDs are mounted on the sub-
strate using conductive glue. (vii)
The top side of the sample is cast
in PDMS. (viii) Back Cu layer is
stripped. (x) The second side is
cast in PDMS.
Fig. 5.9. Schematic design of the
stretchable LED array. All LEDs
are interconnected in parallel be-
tween the V+ and V–.
formed by the LED and the pad area can be considered rigid compared to the
much smaller 30 µmwidth tracks. Therefore, relatively high stress is introduced
just in the boundary of the track with the pad and the track can only withstand
it for smaller elongations.
Fig. 5.10 shows an image of one LED and the MT interconnects, which are
elongated for a maximum of 20%. The maximum elongation achieved in this
design is approximately 22% before electrical connection is lost and the LED
turns oﬀ.
The relatively high stress can be seen by the visible wrinkles in the pad area
at 10% and 20% elongations. Because of the 2mm thick PDMS on top of the
tracks, the failure point cannot be observed by optical inspection. However, it
is believed that it is created in the rigid-flexible interface. This hypothesis is
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Fig. 5.10.A microscope image
of an LED within an LED ar-
ray is shown. The circuit is
under 10%, 20%, and 30%
strain. The interconnects used
between the LEDs are MT
with 4 parallel interconnects.
also supported in other works in the literature [22].
B. ST (w = 100 μm, F3)
When the track width grows in ST design, although the stress in the track itself
increases, the relative stress at the rigid-flexible interface decreases compared to
the narrow MT design. This is because at the onset of transition the diﬀerence
in size between the rigid and flexible part is more in MT design.
Fig. 5.11 shows a camera zoom picture of the ST design with a maximum
elongation of 50%. The extremely high stress near the interface of the pad
is indicated with a green circle in the 50% elongation image. It can be seen
that the track is completely buckled, while it is still electrically conducting.
Starting from 20%, the buckling of the pad from the white region around it
also becomes visible.
Fig. 5.12 shows a complete camera image of one line of the LED array at
diﬀerent elongation values. The diﬀerence in the light intensity is only due
to the parallel design and the non-zero resistance interconnects between the
LEDs. In fact, the closest LEDs to the power source, i.e. the first and the last
one, limit the voltage. The voltage is dropped over the interconnect resistance
and reaches its minimum in vicinity of the middle LED, which has thus the
lowest intensity.
Another notable point in Fig. 5.12 is the eﬀect of Poisson’s ratio. As the elon-
gation is increased, the distance between the two parallel tracks is remarkably
decreased which illustrates the transverse strain in the sample. This source of
strain is added to the total strain in the sample, particularly when either the
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Fig. 5.11. Zoomed camera image
of an LED interconnected with ST
stretchable meanders. The LED ar-
ray is under various strains from
0% to 50%. The buckled area
at 50% elongation is circled with
green.
Fig. 5.12.Camera image of an
LED array with ST stretchable me-
anders. The zoomed picture was
shown in Fig. 5.11. The LED array
is under various strains from 0%
to 50%. The distance between two
parallel neighboring tracks is sig-
nificantly lower in 50% compared
to 0% due to the poission eﬀect.
sample is narrow or the track is near the edge.
Fig. 5.13 shows a camera image of the whole sample. The stretchable LED
array is elongated up to 40%. Two lines of LEDs failed as clearly shown in
the image. This failure is believed to be from the transition of rigid pad to
stretchable meanders. As mentioned before this transition area plays a key role
in the failure of the stretchable meanders. The eﬀect of poisson ratio is also
visible in this image. Each line which is a series connection of 5 LEDs was
driven with approximately 13V.
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Fig. 5.13.A camera image of a
stretchable LED array is shown.
The array is elongated for 40%.
As can be seen two lines of LEDs
had failures and are oﬀ. The
poisson eﬀect is cleary visible in
this image. The injection mold-
ing opening in the middle of
PDMS layer can be seen as well.
5.4.3 Discussion
The presented LED array is just a prototype to demonstrate the electrical cir-
cuit integration in biocompatible elastomers using our developed fabrication
process for the stretchable interconnects. The proposed fabrication process
can be carried out with any arbitrary pattern in order to transfer any kind of
circuitry on the surface. It has to be noted that the high temperature needed
for curing the conductive glue at 120 °C, although it can be decreased by using
a diﬀerent glue, does not hamper electronic performance of the components
commercially available, either packaged or bared die version.
The presented method in this thesis is a promising technique towards real-
ization of biocompatible stretchable electronics that can be used in potential
applications including in vivo and in vitro drug delivery, artificial skin elec-
trodes and physical sensors interacting with the muscles and moving organs of
the body.
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Sitting with the intelligent is a sign of
successfulness. A sign of a scholar is his
self-criticism of his sayings and his acquaintance
with the various hypotheses.
The true stingy is that who refrains from greeting.
Hossein ibn Ali
6
Conclusions and Future Prospects
No one gets anything but at the cost of something
else & no one greets a new day without having lost
another day.
The departure is imminent.
Ali ibn abitalib
OUTLINE OF THIS CHAPTER
In this chapter a short overview of the whole dissertation is presented.
The developed technologies/devices are used in the realization of the
biocompatible stretchable platform. At the end, the continuation of
the work in this dissertation is discussed.
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94 CHAPTER 6: CONCLUSIONS AND FUTURE PROSPECTS
6.1 Review of What is Done
The goal in this dissertation was the development of enabling technologies for
the fabrication of biocompatible stretchable microsystems. To sum up, this goal
has been pursued in several routes:
• Enabling technologies for working with thin PDMS membranes.
• Fabrication of an electroosmosis micropump/micromixer.
• Development of PDMS microvalves.
• Development of fabrication technologies for stretchable electrical cir-
cuitry.
In the following the main achievements/problems of each have been discussed.
6.1.1 Working with thin PDMS Membranes
Most of the work in this thesis was done using PDMS material. It is one of the
most widely accepted elastomers in electrical applications. Several fabrication
technologies needed to be developed to enable working with PDMSmembranes
of various thicknesses, and properly align and bond these layers. In chapter 2
several techniques for the fabrication of PDMS membranes were presented:
• Spin coating
• Doctor blading
• Hot embossing
Each method has its own advantages and disadvantages and is suited for a
specific range of thicknesses. Pick & Place method for the transport of thin
membranes was presented along with the bubble free bonding of PDMS using
DI water drop. In short, diﬀerent ways to fabricate PDMS membranes of
diﬀerent thicknesses were discussed along with the methods to manipulate and
tranposrt them to the right place.
6.1.2 Transverse electroosmosis micropump
In chapter 3 a transverse electroosmosis micropump was fabricated and
throughly characterized. This micropump can deliver flow speeds compa-
rable to conventional high voltage electroosmosis pumps using DC voltages
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less than 10V. To measure the flow speed inside the microchannels 3 µm mi-
croparticles were diluted in the microchannel. The speed of the microparticles
was measured using a confocal fluorescence microscope. The details about the
measurement and setup are presented in appendix B. The relatively low back
pressure (in the range of 10 Pa) is the major drawback of this microupmp. The
proposed micropump can work as an eﬃcient micromixer due to the helical
flow profile.
6.1.3 Passive PDMSmicrovalves
Passive microvalves are one of the widely used components for any microflu-
idic applications. In this thesis a fabrication process for the NC all PDMS
microvalves was presented in chapter 4. The proposed microvalve is thor-
oughly characterized as well. One of the challenges in the realization of a NC
microvalve is the selective bonding of two PDMS layers. In this dissertation
this task is done by selective oxidation/passivation of the PDMS layer using a
shadow mask. Thanks to the stacking capabilities of PDMS, this microvalve
can be conveniently used in more complex microsystems in a small amount of
space.
6.1.4 Stretchable Meanders
Part of the work in this thesis was devoted to the development of a fabrication
process for the stretchable meanders. In chapter 5 the fabrication process
along with the fatigue cycling reliability results were presented. The technology
is based on low cost single or double sided flex substrates. Using a similar
fabrication technology electrical circuitry can also be integrated in the elastomer
substrate. A stretchable LED array was presented as the demonstrator of the
technology.
6.2 Future Work
A large amount of work has been done on the realization of a biocompatible
platform. Most of the work is about the development of fabrication processes
for the realization of more complex biocompatible microsystems. The future
work for this thesis is twofold:
• Continue the development of fabrication processes.
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• Fabricate biocompatible microsystems.
As for the former, we believe that still there is more room to investigate the laser
drilling of PDMS as a way to fabricate perforated biocompatible membranes.
This is elaborated further in the next section. As for the latter, as an example a
piezo micropump is proposed. It is the subject of Sec. 6.2.2.
6.2.1 Laser Drilling of PDMS
In Sec. 2.2.1, laser drilling of PDMS was presented as a way to fabricate perfo-
rated membranes. Due to the high power of CO2 laser, the PDMS layer burns
and it raises serious biocompatibility issues. Recently we have also tried to use
the femto/pico second laser to drill holes in PDMS. Fig. 6.1 shows a microscope
image of a drilled hole in PDMS. The laser parameters to create the hole is
provided in table 6.1. The PDMS membrane in in approximately 800 µm thick
and is drilled in 20 passes with a speed of 20mm/s. Due to the transferred heat
from the laser to the PDMS layer, black spots are visible on the edge of the
hole. Please note that due to the shorter pulse length in this laser compared
to CO2 laser, the burns are much less. To investigate the eﬀect of these black
spots on the biocompatibility (cell culture behaviour), human embryonic stem
cells (H9) were seeded at high concentration using forced aggregation. As can
be seen from Fig. 6.2(a) there is no major problem for viability. Formation of
cell aggregates inside the hole is shown more clearly by live/dead staining in
Fig. 6.2(b).
In conclusion, laser drilling using femto second laser seems to be a promising
method in fabrication of perforated membranes in PDMS. In the future the
process needs to be characterized further, in particular the following factors
need to be determined:
• Minimum feature size that can be properly patterned.
• Minimizing the black spots on the edge by optimizing the lasing param-
eters.
6.2.2 Piezo Micropump
As an example Fig. 6.3 illustrates a schematic diagram of a piezo micropump.
The micropump is composed mainly of PDMS. Except the piezo layer on top,
all the PDMS layers, including glass, can be plasma bonded. On the right hand
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Fig. 6.1.A microscope image
of a hole which is done using
femto second laser. The black
spots around the hole are due to
the transferred heat from laser.
Wavelength Power Frequency Pulse width
YAG 532 nm 750mW 50.000 kHz 11.1 ps
Table 6.1. Laser param-
eters for drilling holes
in PDMS is provided.
(a) (b)
Fig. 6.2. (a) and (b) show the re-
sults of H9 cell culturing using
centrifuge. As can be seen the
black spots have not had any se-
vere eﬀect and cell aggregates are
formed. Cell aggregates are par-
ticularly visible in the live/dead
stained picture (b). The cell seed-
ing was done by colleagues in
KU Leuven, Leuven, Belgium.
side of the image a zoom image of the microvalve is presented. The design is
similar to the PDMS microvalve presented in chapter 4. The two valves in the
schematic work in opposite cycles, thus directing the fluid from the inlet to
the outlet. The idea behind choosing the relatively small cavity height of 14 µm
is that the piezo disc deflects fully at each pumping cycle. Therefore a finite
amount of media will be pumped in each cycle which results to a back pressure
independent flow rate. As mentioned in chapter 1, this is a very desirable
feature in any imaplantable micropump.
There are several primers available for PDMS, in order to have a good bonding
strength for bonding PDMS tomaterials other thanAu. Specifically for ceramics
and plastics - piezo can be a type of ceramic as well - there are several primers
available that can be consulted by referring to the manufacturer of silicone. In
order to integrate a piezo disc: it needs to be treated with primer and then a
silicone layer should be applied on it. There are diﬀerent ways to apply silicone
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Fig. 6.3.A schematic diagram of
a piezo micropump is illustrated.
It only constists of PDMS.The fab-
rication processes for the individ-
ual layers are presented in great
detail in previous chapters. The
working principle of the pump is
based on the reverse cycle of the
two passive microvalves. One of
themicrovalves is highlighted by a
dashed circle.
Fig. 6.4. Primer is applied on the
piezo and it is spun by silicone.
Next it is plasma bonded to a ring
of PDMS. Then the ring can be
bonded for example to PDMS or
glass. The ring height defines the
cavity under piezo as was shown
in Fig. 6.3.
depending on the layer thickness as discussed in chapter 4. After curing the
silicone the piezo layer can be bonded to other PDMS layers or glass using a
dry bonding techniques. Fig. 6.4 shows a camera image of a piezo disc (Noliac
CMBR03) which is bonded to a PDMS layer using primer and then plasma
bonded to another PDMS ring. The ring height defines the cavity height under
the piezo as is shown in Fig. 6.3.
As a future work, the proposed micropump can be fabricated. It should be
bonded to the piezo layer and characterization needs to be done.
Do not make your knowledge into ignorance &
your certainty into doubt. When you know, act:
and when you are certain proceed.
Ali ibn Alitalib
A
Finding the Elastic Modulus of PDMS
Elastic modulus, modulus of elasticity or Young’s modulus (E) is a constant
inherent to material. This constant shows the strain of the material with respect
to the level of stress. As illustrated in Fig. A.1, for vast majority of materials this
relation is modeled linear up to the named yielding point of the material. The
linear region is also called the elastic region. This model is generally called the
hookean model of elasticity. For metals for example the value of strain that cor-
responds to yielding point is typically in the range of 1%. There are other types
of materials that show almost linear elasticity for much more extended values
of strain. Generally rubber or silicone rubber belong to this category called
hyperelastic materials. There are various models proposed for these materials:
Mooney-Rivlin*, Neo-Hookean†, etc. In this dissertation silicone (PDMS) is
used which belongs to the category of hyperelastic materials. Hyperelastic
materials show reversible deformation up to a few hundred percents of strain.
However, we are concerned for lower values of strain up to 40%. This range of
strain is suﬃcient for our biocompatible applications. As is confirmed experi-
mentally silicone almost behaves linearly in this range. Therefore, linear elastic
model is used and a Young’s modulus is calculated and assigned to PDMS.
In order to measure the stress strain curve of silicone a dog bone shape
of Nusil MED 6010 is fabricated using PMMA frames. The schematic of the
molded dog bone shape with the fabricated dimensions is illustrated in Fig. A.2.
The dog bone is clamped in the Instron machine as shown in Fig. 5.4. Then
the sample is elongated. The value of stress with respect to strain is recorded
in a .csv file. Using a script in python, E is calculated. The result is shown in
*R. S. Rivlin et al., “Large elastic deformations of isotropic materials. vii. experiments on the
deformation of rubber”, Philosophical Transactions of the Royal Society of London. Series A,
Mathematical and Physical Sciences, vol. 243, no. 865, pp. 251–288, 1951. [Online].
†R. Ogden, Non-Linear Elastic Deformations, ser. Dover Civil and Mechanical Engineering Series.
Dover Publications, Incorporated, 1997. [Online].
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Fig. A.1. Stress-strain curve for
the vast majority of materials com-
poses of a linear and non-linear re-
gion as illustrated. The non-linear
region starts from the onset of
yielding point of material.
Fig. A.2. Schematic of the dog
bone shape which is used for mea-
suring the elastic modulus of sili-
cone.
Fig. A.3.The measured stress-
strain curve for Nusil MED 6010
is illustrated. As can be seen, the
curve shows almost linear behav-
ior until more than 40% strain.
Therefore a Young modulus can
be assigned for the almost linear
region below 40% strain.
Fig. A.3. As can be seen the Young’s modulus is found to be approximately
1.36MPa. The elastic modulus of silicone as calculated in this appendix is
used in Sec. 4.3.3.D for the calculation of maximum deflection of the silicone
membrane of the single stop layer microvalve.
B
Investigating Micro Particle Speeds In
Confocal Microscope Images
Finding the speed of micro particles in the confocal microscope images is
needed to characterize the transverse electro osmosis micropump. For more
information about the application the reader is referred to chapter 3.
The output of the confocal microscope is relatively large .Tiff files. The file
is stored in .lsm container. A 1min line scan picture results to a file size of about
100MB. For each sample, various measurements were done by changing the
input voltage. Relatively large number of files were produced. The particles can
be observed directly in the original file as shown in Fig. 3.9, however due to the
relatively large number of micro particles in the .tiff file, it is impractical to
measure the length of the spots and calculate the speed manually. A script was
written in MATLAB to get the .lsm file, extract all the particles and calculate
their speeds. The script tries to reject all the noise and unwanted particles as
much as possible. Nevertheless all the spots are extracted in separate small size
.Tiff files and are manually checked.
Thewritten script uses the lsminfo class from the contribution number 8412
to MathWorks file exchange server. The core of the program is the GetSpots-
Data function which extracts all the data for valid micro particles. The particles
are tested against noise, converted to B/W, the regions are labeled and the data
is returned. The code is well commented to show the details of the implemen-
tation.
 function SpotData=GetSpotsData(filename,parameters)
 % Gives out the spot length of all particles in the image. The
 % output variable is a one dimensional array showing the total
 % number of timeslots in each spot in the image. Input should
 % point out to the filename address on hard disk. The speed of
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 % the particles can be calculated given the particle size and
 % the timeslot duration.

 % Variables input to the function
 lowintensity=parameters(1);
 highintensity=parameters(2);
 particlesize=parameters(3);
 lsmdata=lsminfo(filename);

 max_particlesize=round((particlesize+2)*1e-6/lsmdata.VoxelSizeX);
 min_particlesize=round((particlesize+0)*1e-6/lsmdata.VoxelSizeX);
 % Read lsm file and decrease gamma a little bit to enlarge the
 % spot sizes in order to have more margin. The image is then
 % converted to binary.
 I=imread(filename);
 J=imadjust(I,[0;1],[0;1],0.9); % Change gamma
 bw=im2bw(J,graythresh(I)); % Convert to binary
 clear J % MATLAB should do this but just to be sure !

 % Eliminate very small spots less than specified area to clean
 % up possibly the noise
 bw=bwareaopen(bw,300);

 % Label the appropriate spots (originnally it was bwlabel)
 L=logical(bw);
 s=regionprops(L,’SubarrayIdx’); % Extract regions
 fprintf(’%d Regions Found...\n’,numel(s)) % How many regions ?

 % Eliminate regions with low maximum intensity and not having
 % gussian shape. Trying to remove Bad spots ...
 index = zeros(1,numel(s));
 for k=1:numel(s) % Extract intensity from original image
 t=max(I(s(k).SubarrayIdx{1},s(k).SubarrayIdx{2}),[],2);
 if(max(t)>highintensity && numel(s(k).SubarrayIdx{2})> ...
 min_particlesize && numel(s(k).SubarrayIdx{2}) ...
 < max_particlesize)
 index(k) = k; % Good spot. Save the index !
 end
 end
 index=index(index>0); % Saved indices are saved here actually !
 s = s(index); % Throw away bad spots
 fprintf(’%d Good Particles...\n’,numel(s)) % How many are good ?

 SpotData=repmat(struct(’Length’,0,’Intensity’,[],’Image’,...
 []),1,numel(s)); % Create an array of structures to store data
 J=imadjust(I); % For the sake of visual visibility
 for k=1:numel(s) % Iterate on each spot
 t=I(s(k).SubarrayIdx{1},s(k).SubarrayIdx{2}); % Extract data
 intensity=max(t,[],2); % Intensity vector
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 startindex=find(intensity>lowintensity,1,’First’);
 endindex=find(intensity>lowintensity,1,’Last’);
 SpotData(k).Intensity=intensity;
 SpotData(k).Length=abs(s(k).SubarrayIdx{1}(endindex) - ...
 s(k).SubarrayIdx{1}(startindex));
 % Extract from brightended image
 SpotData(k).Image=J(s(k).SubarrayIdx{1},s(k).SubarrayIdx{2});
 end
 clear I J % I dont’ trust MATLAB :)
This function is used in a bigger function. A folder of images are input to this
function, together with the bead size in the experiments. The script analyzes
all the files, extracts all the micro particles using GetSpotsData function and
stores individual .Tiff image of the part of image which shows the micro
particle. This step is necessary because even after multiple filtration, there are
still some invalid particles that cannot be always rejected with the script. It is
found out that most of the not rejected ones were:
• Micro particles that were not in focus all the way during their travel on
the scan line.
• Micro particles that were resulted from stiction of several smaller micro
particles.
For example Fig. B.1 shows two enlarged images of micro particles that are
taken in 4V. In Fig. B.1(a) the scanned micro particles are well separated
and the script calculates the length of the red spots and accordingly the speed.
However in Fig. B.1(b) in the middle top region two micro particles are sticking
to each other. In order to detect these situations in the script, a filtration is
done on the width of the micro particles. However, still there are false positive
cases in the results and are manually corrected.
The following script also calculates the speed of the micro particles based on
the time that it takes for them to pass the scan line.
 function success=lsmanalyze(fileorfolder,particlesize,varargin)
 % This script analyzes a folder and extract all proper particles
 % The first argument should be the name of a file or foler,
 % and the second one the particle size in μm. The
 % other arguments are optional but are in this order:
 % lowintensity (1000) and highintensity (2500)

 success=0 % Will change it to 1 if everything works out
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(a) (b)
Fig. B.1.The images are mea-
sured by scanning the micro par-
ticles along a line in the transverse
electroosmosis micropump at 4V
input voltage. (a) The micro parti-
cles arewell separated and it is pos-
sible for the script to measure the
speed accurately. (b) In the mid-
dle top region two micro particles
are sticking to each other. Most
of these cases are filtered by the
script. The rest is corrected manu-
ally.
 folder=’/home/amir/Documents/DATA/IMEC-Fluorescense-data/’

 % Initialization
 highintensity=3500;
 lowintensity=1000;
 switch size(varargin,2)
 case 4
 highintensity=varargin{2};
 lowintensity=varargin{1};
 case 3
 lowintensity=varargin{1};
 case 1
 disp(’Please enter particle size!’);
 return;
 end

 % Check to see if the input is file or folder
 if(isdir(fileorfolder))
 folder=fileorfolder;
 str=sprintf(’ls %s | grep lsm’,folder); % Runs in Linux
 [~,filelist]=ystem(str);
 strrep(filelist,char(10),’ ’);
 filelist=textscan(filelist,’%s ’); % Fill the file list
 disp([num2str(numel(filelist{1})) ’ Files Found...’]);
 else
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 index=find(fileorfolde ==’/’,1,’last’);
 filelist{1}{1}=fileorfolder(index+1:end);
 folder=fileorfolder(1:index);
 end
 % Iterate on the only file name or on all file list
 filelist=filelist{1}; % Ugly but needed ;)
 for k=1:numel(filelist)
 disp(filelist{k});
 ParticleData=GetSpotsData([folder filelist{k}],[lowintensity,...
 highintensity,particlesize]);
 lsmdata=lsminfo([folder filelist{k}]);
 TimeInterval=lsmdata.TimeInterval; % Time duration in s

 % v =
L
T
length divided by time
 Speed=particlesize./(TimeInterval*[ParticleData.Length]);
 disp(’write out data to File...’); % Start writing to file
 FILE=fopen([filelist{k}(1:end-3),’txt’],’w’);
 fprintf(FILE,[filelist{k}(1:end-4),’\t\n\n’]);
 fprintf(FILE,’Low Cutoff:\t%d\tHigh Intensity:\t%d\n\n’,...
 lowintensity,highintensity);
 fprintf(FILE,’Speed:\t\n’);
 for m=1:numel(ParticleData)
 fprintf(FILE,’%f\t’,m);
 end
 fprintf(FILE,’\n’);
 for m=1:numel(ParticleData)
 fprintf(FILE,’%f\t’,Speed(m));
 end
 fprintf(FILE,’\nIntensities:’);
 for m=1:numel(ParticleData)
 fprintf(FILE, ’\n#%d:\t’,m);
 for l=1:numel(ParticleData(m).Intensity)
 fprintf(FILE,’%d\t’,ParticleData(m).Intensity(l));
 end
 end
 fprintf(FILE, ’\n\nEND OF FILE’);
 if(isdir(filelist{k}(1:end -4)))
 rmdir(filelist{k}(1:end-4),’s’);
 end
 mkdir(filelist{k}(1:end-4));
 cd(filelist{k}(1:end-4));
 for m=1:numel(ParticleData)
 t = ParticleData(m);
 save([filelist{k}(1:end-4),’-’,num2str(m),’.mat’],...
 ’-struct’,’t’);
 imwrite(ParticleData(m).Image,[filelist{k}(1:end-4),...
 ’-’,num2str(m),’.tiff’]);
 end
 cd (’..’);
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 fclose(FILE);
 disp ’Done’
 end
 success=1;
C
Data Acquisition From NI
DAQPad-6016
As was discussed in Sec. 5.3 in order to monitor the resistance values of the
stretchable meanders, the resistance of each track was converted to voltage
using a simple resistance divider network. Then each track was connected
to an analog to digital converter of national instrument data acquisition card
(NIDAQPad-6016). A script was written in Python to scan the diﬀerent ter-
minals, i.e. tracks and monitor the resistance values over the time and also to
report the track failures.
Labview could also be used for this purpose but a stanalone programming
language is preferred. Graphical softwares like Labview do not provide enough
post-processing and visualization options as a programming language like
Python andMATLAB. Using Python or Matlab, all the steps including the read-
ing and analyzing of the data and all the visualizations for making publication
quality figures are possible. The resulted code also features more flexibility for
adapting to diﬀerent case scenarios.
For working with this board, C++ interface code samples are available. For
Python there is a wrapper class called PyDAQmx. This class interfaces the C++
functions of the driver using the ctypes library in Python. For the purpose of
the measurements in this dissertation some codes are written in a modular way
to record the results of the continuous scanmeasurement in a comma separated
(.csv) file. The files can be read later using Python for analyzing the results.
Due to modularity, the code to read for example two channels with 100Hz
frequency would look like this:
 aiCont = AnalogInputCont(freq=100, numOfChannels=2)
 aiCont.start(’data.csv’)
 while True:
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 sleep(10)
 l = len(aiCont.allData[’time’])
 aiCont.save()
 print ’Samples Read:{}’.format(l)
 aiCont.stop()
 aiCont.clear()
This code reads continuously two channels, i.e. two resistance values and each
approximately 10 s shows the number of read data. As can be seen the major
part here is the implementation of AnalogInputCont class. It is provided in
the following:
 from __future__ import division
 from PyDAQmx import *
 from PyDAQmx.DAQmxCallBack import *
 from numpy import zeros, linspace, float64
 from ctypes import byref
 import os, sys, csv
 from time import sleep
 from time import time as epochTime
 from threading import Thread


 class AnalogInputCont:
 ”””A wrapper class for monitoring multi analog input channels.

 Utilization: ai = AnalogInputCont(freq, numOfSamples=freq/2,
 numOfChannels=1)
 freq: Scanning frequency. Independent of number of channels.
 numOfSamples: Callback function is called each time after
 retrieving this number of data(default=freq/2).
 numOfChannels: 1->ai0, 2->ai0:1, 3->ai0:2...(default 1)
 Methods:
 start(path): To start polling in file indicated with path(’data.csv’).
 save(): save alldata to path after next callback.
 stop(): To temporarily stop polling.
 clear(): To complete stop and destroy the task.
 reset(): Reset ’Dev1’

 Example: ai = AnalogInputCont(1000, 5000)
 ai.start(’data.csv’) #
 sleep(1) #wait for 1s
 ai.save()
 ai.stop()#stop polling. when you stop pending data would be
 saved automatically.
 ai.Clear()#destroy the task completely
 ”””
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 def __init__(self, freq, numOfSamples = 0, numOfChannels=1):
 self._ai = Task() #The main analog input task
 self.freq = freq
 self.numOfSamples = numOfSamples if numOfSamples else int(freq / 2)
 self.numOfChannels = numOfChannels
 self._readTimeOut = self.numOfSamples/self.freq + 1 #1s safety
 self._portAddr = ”Dev1/ai0:” + str(numOfChannels - 1)
 self._limit = [-10, 10] #volts for all ports
 self.allData = dict((’ch’+str(iChannel), [])\
 for iChannel in xrange(self.numOfChannels))
 self.allData[’time’] = [] #record times
 self._epochTime = 0.0 #record high resolution timer when needed
 self._lastCallbackTime = 0.0 #record time in callbacks
 self.callbackData = zeros(self.numOfSamples*numOfChannels)
 self.__config__()
 def __config__(self):
 ”””The main configuration for continuous read operation and
 initializing the callbacks”””
 self._EveryNCallback = \
 DAQmxEveryNSamplesEventCallbackPtr\
 (self.__EveryNCallback_py__)
 self._DoneCallback = DAQmxDoneEventCallbackPtr\
 (self.__DoneCallback_py__)
 self._ai.CreateAIVoltageChan(self._portAddr, ””, DAQmx_Val_Diff,
 self._limit[0], self._limit[1], DAQmx_Val_Volts, None)
 self._ai.CfgSampClkTiming(””, self.freq, DAQmx_Val_Rising,\
 DAQmx_Val_ContSamps, self.numOfSamples)
 self._ai.RegisterEveryNSamplesEvent(DAQmx_Val_Acquired_Into_Buffer,
 self.numOfSamples, 0, self._EveryNCallback, None)
 self._ai.RegisterDoneEvent(0, self._DoneCallback, None)
 def __EveryNCallback_py__(self, taskHandle, everyNsamplesEventType,
 nSamples, callbackData_ptr):
 ”””The call back method that is run whenever numOfSamples is
 retrived.”””
 offset = epochTime() - self._epochTime #high resolution in seconds
 self._epochTime += offset #record time for next callback
 numRead = int32() #number of samples which will be read.
 DAQmxReadAnalogF64(taskHandle, self.numOfSamples,
 self._readTimeOut, DAQmx_Val_GroupByChannel,
 self.callbackData, self.numOfSamples*self.numOfChannels,
 byref(numRead), None)
 if(self.numOfSamples != numRead.value):
 print ’Retrieved:%d’ % numRead.value
 return 1
 for i in xrange(self.numOfChannels):#extend data in allData
 self.allData[’ch’+str(i)].extend(self.callbackData\
 [i*self.numOfSamples:(i+1)*self.numOfSamples])
 timeGap = offset/self.numOfSamples #between two consecutive data
 timeArray = [self._lastCallbackTime + timeGap*(n+1) for n in\
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 xrange(self.numOfSamples)]
 self.allData[’time’].extend(timeArray)
 self._lastCallbackTime = timeArray[-1]
 if (self.saveFlag == 1 or len(self.allData[’time’])>10000): #save
 self.saveFlag = 0 #reset flag
 if self._saveThread.isAlive() == False: #last save is finished
 dataToSave = self.allData.copy()
 for key in self.allData.iterkeys():#purge allData dict
 self.allData[key] = []
 self._saveThread = self.__saveThread__(self._csv_writer,
 dataToSave)
 self._saveThread.start()
 return 0
 def __DoneCallback_py__(self, taskHandle, status, callbackData):
 ”””Nothing importaint. Called when finished everything”””
 return 0
 def save(self):
 ”””save data in order to prevent from crash”””
 self.saveFlag = 1 #data will be saved after next callback
 class __saveThread__(Thread):
 def __init__(self, csv_writer, dataDict):
 Thread.__init__(self)
 self.csv_writer = csv_writer
 self.dataDict = dataDict
 def run(self):
 dataToWrite = [] #data will be rearranged in this variable
 for row in xrange(len(self.dataDict[’time’])):
 temp = []
 for iChannel in xrange(len(self.dataDict)-1):#except ’time’
 temp.append(’%.3f’ %\
 round(self.dataDict[’ch’+str(iChannel)][row],
 3))
 temp.append(’%.4f’ % round(self.dataDict[’time’][row], 4))
 dataToWrite.append(temp)
 self.csv_writer.writerows(dataToWrite)
 def start(self, path):
 ”””Start to retrive data in the call back functions. Read allData
 to get the new data. allData variable is initialized in
 this function. data is written in path”””
 for key in self.allData.iterkeys():
 self.allData[key] = []
 self._saveThread = self.__saveThread__(””, []) #dummy save thread
 self.saveFlag = 0 #indicates that data should be saved.
 self._savePath = path
 self._csvFile = open(self._savePath, ’a+’)
 self._csv_writer = csv.writer(self._csvFile, delimiter=’,’)
 self._ai.StartTask()
 self._epochTime = epochTime() #get the tick right after start
 print ’Continuous analog Read started’
APPENDIX C: DATA ACQUISITION FROM NI DAQPAD-6016 111
 def stop(self):
 ”””Stop retrieving data. To start again run start function and to
 stop completely run clear or delete the object.”””
 self._ai.StopTask()
 self._saveThread = self.__saveThread__(self._csv_writer,
 self.allData) #finish up everything
 self._saveThread.start()
 self._saveThread.join() #wait for the final save to finish the job
 def reset(self):
 self._ai.ResetDevice(”Dev1”)
 def clear(self):
 ”””Clear the object. destructor is also called.”””
 self._ai.ClearTask()
The provided code can also be used for other types of National Instument data
acquisition boards with minor eﬀort of adaptation. Similar to AnalogInput-
Cont, another class named AnalogInputFinit is written to capture data for a
finite period of time. It can be used for short term or debugging applications.
The implementation is not discussed here.
To conclude this appendix, note that the created csv files are several gigabytes
in size and it is almost impossible to process such a huge file in excel. In this
dissertation data post processing and visualizations were also done in Python
(for example cf. Fig. 5.5). MATLAB or C++ can be used as well.
D
Reading Pressures From Alicat
Pressure Controller
As wasmentioned in Sec. 4.3.3.C, themeasurement of the flowrate for the single
stop layer microvalve was done using a pressure controller setup. A double
pressure controller was purchased from Alicat company. Camera image of the
pressure controller together with the microvalve is shown in Fig. D.1.
A schematic of the total measurement setup is shown in Fig. D.2. Pressure
controller is fed with a high pressure air or N2 and in the output it provides a
controlled pressure according to the value which is set from computer. There
is a second order negative feedback integrated in the instrument to keep the
pressure constant. The output of the pressure controller is connected to a
horizontal tube with a specified length, i.e. volume. The pressure is kept
constant at the side of the tube which is connected to the pressure controller.
Then the time that the tube gets empty after applying the pressure is measured.
According to this measured time and considering the length and cross section
of tube as shown in Fig. D.2 the flow rate can be calcuated with respect to the
applied pressure.
A Python program was used to control the pressure controller through serial
port. As this program might have wide use in controlling various pressure
controller devices the code is provided. The code is relatively well commented,
therefore the algorithm is relatively clear. Another code was also implemented
to make a GUI for setting and monitoring the pressure values which is not
provided here for the sake of brevity.
 from __future__ import division
 import serial, time
 class Alicat():”””Alicat PCD controller class.”””
 def __init__(self, portnum=2, baudrate=19200):
 self.stop = False
 self._ser = serial.Serial()
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Fig. D.1.Camera image of the mi-
crovalve is shown while connected
to the Alicat pressure controller.
The pressure controller is con-
nected to high pressure source and
atmosphere in order to provide
a constant pressure in it outlet.
Fig. D.2. Schematic diagram of
the flow rate measurement setup
is illustrated. The pressure con-
troller is connected from one side
to the computer and from the
other side to a horizontal tube
which connects to the micro valve.
 self._ser.baudrate = baudrate
 self._ser.port = portnum
 self._ser.port = ’/dev/pts/2’ #just for test
 self._ser.timeout = 1
 self._ser.open()
 if self._ser.isOpen():
 print ’Port openned...’
 self._ser.write(’\r*@=A\r’) #Enter polling mode
 time.sleep(0.2)
 self._ser.flushInput()
 self._ser.flushOutput()
 def __del__(self):
 self._ser.close()
 print ”Object deleted and port closed”
 def set_pressure(self, pressure):
 ”””set pressure in polling mode”””
 value = 64000/30*pressure
 if value == 0:
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 self.tare()
 self._ser.flushInput()
 self._ser.write(’\rA%d\r’ % value)
 def get_pressure(self):
 ”””read the pressure from controller”””
 self._ser.write(’\rA\r’)
 data = self._ser.read(17).strip(’A +-\r’) #Now ’xxx.xx xxx.xx’
 val, setp = data.split()
 return [float(val), float(setp)]
 def tare(self):
 self._ser.write(’\rA$$P\r’)
 def cancel(self):
 print ’Cancelled P=%.2f’ % self.get_pressure()[1]#comment for debug
 self.stop = False
 def ramp(self, p_end, pd, td, p_start):
 ””” p_end, p_start are ending and starting pressure respectively
 p_int is the pressure interval
 td is the time interval between each pressure change in ms
 pressure units are in Psi ”””
 print ’ramp(%.2f, %.2f, %d, %.2f)’ % (p_end, pd, td, p_start)
 if p_start == 0.0:
 self.tare()
 steps = int(round((p_end - p_start)/pd))
 for i in xrange(steps):
 for j in xrange(10): #increase pressure in 10 steps
 if td>10: #large delay. check more for stop flag
 for k in xrange(10):
 time.sleep(td/100)
 if self.stop:
 self.cancel()
 return
 else:
 time.sleep(td/10)
 if self.stop:
 self.cancel()
 return
 self.set_pressure(p_start+i*pd+(j+1)*pd/10)
 print self.get_pressure()[1] #commend for debug
 print ’Reached set pressure’
Does man not consider that We created him from
a [mere] sperm-drop - then at once he is a clear
adversary?
And he presents for Us an example and forgets his
own creation. He says, “Who will give life to
bones while they are disintegrated?”
Say, “He will give them life who produced them
the ﬁrst time; and He is, of all creation, Knowing.”
It is He who made for you from the green tree, ﬁre,
and then from it you ignite. Is not He who created
the heavens and the earth Able to create the likes
of them?
Yes, it is so; and He is the Knowing Creator. His
command is only when He intends a thing that He
says to it, “Be,”and it is.
So exalted is He in whose hand is the realm of all
things, and to Him you will be returned.


